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ABSTRACT
No known systematic study has been conducted on the presence of antibiotic resistance
(ABR) in marine predatory fishes. This research is the first known attempt to characterize
spatially explicit patterns of ABR in top-level marine predators. A total of 134 viable bacteria
samples were isolated from cloacal swabs of seven shark species and one teleost species
stratified by geographic location. Twelve isolates were collected from nurse sharks,
Ginglymostoma cirratum, in the tropical coastal waters of the Hol Chan Marine Reserve in
northern Belize. Twenty-nine isolates were collected from nurse sharks in the waters of the Dry
Tortugas National Park in the Florida Keys. Fifty isolates were collected from bull sharks,
Carcharhinus leucas, blacktip sharks, C. limbatus, and a single lemon shark, N. brevirostris, in
the coastal waters of Louisiana. Twenty-three samples were isolated from spinner sharks, C.
brevipinna and one blacktip shark in the offshore waters of Louisiana. Twelve samples were
isolated from seven redfish, Sciaenops ocellata, from the offshore waters of Louisiana. And
eight samples were isolated from three smooth dogfish in Vineyard Haven Harbor,
Massachusetts. Samples were collected using sterile rayon-tipped culturettes and transported to
the Louisiana State University School of Veterinary Medicine for taxonomic classification and
antibiotic resistance analyses using the Kirby Bauer Disc Diffusion Method. Samples were
characterized by Gram stain and morphology and placed into three groups: 1) Gram-negative
rods, 2) Gram-positive cocci, or 3) Gram-positive rods.
Prevalence rates were calculated for each study site as the number of isolates resistant to
at least one drug divided by the total number of isolates in each location. Prevalence rates for
each study location were: 1) Belize: 75%, 2) Florida Keys: 86.5%, 3) Coastal Louisiana: 62%, 4)
Louisiana Offshore-sharks: 52%, 5) Louisiana Offshore-redfish: 91.7%, and 6) Massachusetts:
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87.5%. High prevalence rates in Massachusetts prompted the removal of penicillin from analysis
to evaluate potential intrinsic resistance, as the majority of Massachusetts isolates were Gramnegative and therefore assumed resistant to penicillin. Rate dropped dramatically with the
removal of penicillin.
Spatial variation existed between locations allowing for intra-specific comparisons
between nurse sharks in Belize and Florida to evaluate potential biophysical geographic
differences that might influence ABR patterns in sharks. Inter-specific comparisons between
redfish and sharks from offshore waters in Louisiana demonstrated significantly higher levels in
redfish, which may be due to older age and therefore longer exposure in redfish populations.
The Florida Keys showed the highest prevalence in sharks and the Louisiana offshore
redfish had the highest ABR prevalence of all populations sampled. Both results suggest that
top-level predatory fishes can serve as sentinels for ABR in the marine environment, and that
multiple species should be sampled. Additionally, spatial variation was documented and
therefore future work on ABR surveillance of marine fishes should incorporate geographically
stratified data collection and spatial analyses. This thesis presents prevalence rates for all
populations sampled for total resistance and for each drug tested individually. Additionally,
there is a color atlas of total prevalence rates, intrinsic prevalence rates compared to total
prevalence rates, multi-drug resistance rates, and a 10-map series of categorical maps showing
the spatial patterns of resistance for five important antibiotic drugs.

xiii

CHAPTER ONE
INTRODUCTION
Antibiotic Resistance (ABR) in bacteria is a growing problem in human and veterinary
medicine around the world. Since the introduction of antibiotics in the 1940’s, bacteria have
shown increased evolutionary response at the genetic level to resist them. Several recent studies
have documented the presence of ABR in human and domestic animal cases, however limited
research is available on the presence of ABR in zoo animals or wildlife species. A strong case
can be made through published literature for the presence of ABR in one situation, such as
livestock housing, leading to ABR in the human situation. One such potential feedback
mechanism may exist in the marine environment, where the potential for the horizontal
transmission of ABR bacteria in important commercial or recreational fish species may be reintroduced to humans through direct contact. Limited data are available on ABR from wildlife
worldwide, and to the best of this author’s knowledge, no work has been published on the
potential for spatially explicit differences in patterns of ABR within or between wildlife species.
No systematic study has been conducted on the presence of ABR, or the estimated
prevalence of ABR, in marine top-level predatory fishes. Miranda and Zemelman (2001)
presented data on two opportunistically sampled dogfish, Mustelus mento, from a small study,
which supported that ABR bacteria was present in a shark species, but no other data are available
on ABR in sharks. This current study was designed to determine if ABR bacteria are prevalent
in marine predatory sharks and teleosts from geographically distinct populations.
The specific objectives of this study were to:
•

Determine if antibiotic resistant bacteria were present in marine predatory fishes
using a cross-sectional study of sharks and a teleost species

1

•

Determine if antibiotic resistance patterns in marine predatory fishes were
spatially explicit

•

Develop spatially and temporally explicit baseline data on prevalence rates of
intermediate resistance and full resistance to thirteen antibiotic drugs, including
several drugs important in human and veterinary medicine

•

Establish the infrastructure for longitudinal studies of antibiotic resistance in
marine predatory fishes by incorporating GIS and tag-recapture studies

•

Evaluate the status of each species selected as future sentinels for wildlife health
surveillance in the marine environment.

This study is the first known systematic evaluation of antibiotic resistance in marine
predatory fishes, shark species and redfish, Sciaenops ocellata, specifically. There is a lack of
published data available on ABR in upper-trophic level fishes. Johnson et al. (1998) and Wong
(2002) presented data on the presence of ABR in several marine mammal species from the
Pacific coast of California. Miranda and Zemelman (2001) presented data on ABR in a small
collection of commercially important fishes in Chile. There are few studies available on the
mechanisms for the acquisition, accumulation, and transmission of ABR in marine fishes. The
purpose of this thesis was to determine if ABR was present in sharks and redfish, describe
patterns of drug resistance in each species, and evaluate spatial differences in ABR between six
geographically separate study sites.
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CHAPTER TWO
LITERATURE REVIEW
Antibiotic resistance is a growing problem worldwide. There have been several studies
published on the mechanisms of bacterial resistance to antibiotic drugs. Likewise, several
studies have been published on the potential point source introduction of antibiotic resistant
bacteria into the environment from agriculture, human waste, and the presence of already
existing intrinsic resistance.
2.1

A Review of Mechanisms for Antibiotic Resistance in Bacteria
Mazel and Davies (1999) attribute antibiotic resistance to the extraordinary genetic

flexibility in bacteria. Bacteria can acquire resistance through several processes. Some species
of bacteria have evolved antimicrobial chemicals to combat competition from neighboring
colonies that capture nutrients and resources in limited habitats. Campbell (1996) discusses the
presence of naturally occurring antibiotics in the arsenal of defense mechanisms for bacterial
species to survive in the natural environment. Bacteria adaptation to antibiotic drugs, and the
subsequent resistance, has been hypothesized as directly related to the massive use of antibiotics
introduced to the world’s microbial ecology. An estimate of greater than one million metric tons
of antibiotics has been released into the biosphere in the last half century (Linton 1984). Mazel
and Davies (1999) attribute the rapid response of bacteria to antibiotic drugs to this massive
influx of antibiotic material over the last 50 years. The antibiotics first introduced for use in the
medical community between 1940 and 1950 were actually non-novel derivatives of such
common antimicrobial chemicals produced by species of molds and bacteria (Mazel and Davies
1999). Eventually, antibiotic drugs expanded to the production of semi-synthetic derivatives that
have some non-novel components and fully synthetic derivatives that have no natural counter-
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parts (Silver and Bostian 1993). The initial introduction of each of these classes of drugs had a
catastrophic impact on terrestrial bacteria in several ecosystems (Linton 1984). Mazel and
Davies (1999) suggest that the massive introduction of antibiotic drugs lead to a period of rapid
change for bacteria through extensive natural selection and intense evolutionary pressure.
Results from a recent study of resistance prevalence in hospitals through out the United States
from 1994 to 2000 supports this hypothesis (Neuhauser et al. 2003). Resistance to the drug
ciprofloxacin has shown an overall increase of 10% in U.S. hospital patients over a six-year
period. This increase in resistance is directly correlated to the increase in ciprofloxacin use in
hospitals over the same period of time (Neuhauser et al. 2003).
Mazel and Davies (1999) provide further evidence to support their hypothesis. First,
antibiotic drugs act upon entire populations of bacteria. For example, a human taking a
prescribed dosage of antibiotics for a respiratory infection will not only impact the bacteria
responsible for the infection, but all bacteria in the body, even commensal- those species
naturally occurring in the body that do not help or harm the host-bacteria needed for normal body
function. Secondly, Mazel and Davies (1999) present evidence to suggest that prior to the
introduction of antibiotic drugs in medicine, antibiotic resistance was not present in human or
animal flora, or the commensal organisms of bacteria needed for normal body function. Mazel
and Davies (1999) present evidence similar to Neuhauser et al. (2003) that resistance is
correlated to antibiotic input into the bacteria’s environment.
Several genetic mechanisms for resistance have been identified. All of the resistance
mechanisms identified are attributable to genetic determinants (Mazel and Davies 1999). The
majority of the resistance genes are carried by plasmids, transposons, and other elements that can
all be passed through the bacterial community inter-generically and inter-specifically (Mazel and
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Davies 1999). To understand the role of bacterial genetic transfer it is first necessary to briefly
review the evolution and ecology of bacteria.
Bacteria are unicellular, prokaryotic (cells that lack nuclear membranes, limited to the
Kingdom Monera) microorganisms that are ubiquitous in nature. According to Campbell (1996),
bacteria can be found virtually everywhere. Bacteria were the first life form present on earth,
and today are the most numerous life forms on earth (Campbell 1996). More bacteria are found
in a handful of dirt than the total number of human beings who have ever lived (Campbell 1996).
Bacteria are often found in habitats unsuitable for eukaryotic (cells that have nuclear membranes,
found in fungi, plants, and animals) life to exist (Campbell 1996). Prokaryotic evolution can be
divided into two main domains, Eubacteria and Archaea. The majority of prokaryotic species
belongs to the Eubacteria domain, and is referred to collectively as bacteria. As of 1996, there
were 4000 known species of prokaryotes and an estimated diversity range of 400, 000 to four
million species (Campbell 1996).
Campbell (1996) attributes the evolutionary success of bacteria to the diversity of forms
and functions that exist. A single bacterium, the basic unit of bacterial life, is unicellular and can
survive without other cells. However, many bacteria have adapted to surviving in colonies,
which can often times exhibit simple multi-cellular organization and even have specialized cells.
Prokaryotes are the most metabolically diverse group of organisms on earth (Campbell 1996).
Some bacteria can only metabolize energy in the presence of oxygen and are obligate aerobes,
while obligate anaerobic bacteria can only metabolize energy in the absence of oxygen. A third
group of facultative anaerobes exists that can metabolize energy with or without oxygen.
Because of their diverse form, their ability to aggregate, their large numbers in nature, and their
diverse metabolic forms, bacteria have extremely important ecological impacts (Campbell 1996).
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Bacteria reproduce only through asexual binary fission. A single bacterium in a suitable
environment will reproduce through fission and produce an entire colony of offspring. Bacterial
growth is geometric with each cell splitting into two each time fission occurs. Colony growth is
usually inhibited by nutrient limitations, colony poisoning through accumulation of metabolic
waste, or competition from other colonies (Campbell 1996).
Bacteria can be characterized by their physical properties such as morphology, Gramstain characteristics, motility-their ability to move, presence or absence of spores, growth
characteristics, biochemical characteristics, type of metabolism, and genetic analysis (Koneman
et al. 1997). However, with the vast diversity of prokaryotic species and a high degree of
cellular similarities, it is extremely difficult to characterize bacteria to the specific level.
Prokaryotes have a variety of cell shapes. The three most common shapes are 1) cocci
(spherical shaped), 2) bacilli (rod shaped), and helices (corkscrew shaped) (Campbell 1996).
Most species of bacteria have a cell wall external to the cell membrane. Bacterial cell
walls of are analogous to plant cell walls, but have a different molecular composition (Campbell
1996). Many bacteria cells contain peptidoglycan, a substance made of polymers of modified
sugars cross-linked by short polypeptides (Campbell 1996). Peptidoglycan encases and protects
the cell. Bacteria can be separated into two groups based on the properties of their cell walls,
Gram-negative and Gram-positive. The two types are identified through a method developed by
Hans Christian Gram, a Danish physician in the late 1800’s (Campbell 1996). Gram developed a
three step dying process that uses purple Crystal Violet, Iodine, and red Safranin to distinguish
between the two cell wall types. Bacterial colonies are isolated and stained with violet dye and
iodine, rinsed in alcohol, and stained again with red Safranin. Gram-negative cell walls have less
peptidoglycan than Gram-positive cell walls and are more complex in structure. The
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peptidoglycan is stored in a perisplasmic gel between the outer membrane and the plasma
membrane. The Gram-negative outer membrane does not absorb the violet dye as easily and it is
rinsed away in the dying process. However, the cells absorb the red dye. Gram-positive cell
walls are comparatively simple in structure and contain more peptidoglycan, which absorbs the
violet dye. The first stage in identifying individual presumptive colonies of bacteria is the Gramstain process (Koneman et al. 1997). Gram-positive cell walls absorb the violet dye and appear
purple in color, while Gram-negative cell walls absorb the Safranin dye and appear red. Initially,
bacteria can be classified based on colony morphology and Gram-stain characteristics when read
under a microscope. Bacteria can be further characterized using a series of biochemical
techniques, such as introducing presumptive colonies to various media containing sugars and
other substances.
Bacteria can act as pathogens through a variety of mechanisms. When the immune
system of the host species is compromised, commensal bacteria may rapidly reproduce and
overwhelm the host system, in what are known as opportunistic infections (Campbell 1996). The
uptake of external pathogenic bacteria can lead to infection if the pathogen can successfully
adhere to mucous membranes, reproduce, and overwhelm the host’s immune system (Koneman
et al. 1997). Bacteria may infect the host with exotoxins or endotoxins, or may rapidly
reproduce and expend energy and resources needed by other cells in the body (Koneman et al.
1997).
Gram-negative pathogenic bacteria are generally more harmful than Gram-positive species
(Campbell 1996). Gram-negative cell walls have a substance known as lipopolysaccharides,
which are often toxic (Campbell 1996).
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Prokaryotic cells do not reproduce sexually, which introduces genetic diversity by joining
parental haploid cells-where parental cells each contribute exactly one half of the needed genetic
material for the offspring. However, bacteria have three mechanisms for recombining genetic
material: 1) transformation-genes are taken up into a parent cell from the environment, 2)
conjugation- genes are transferred from prokaryote to prokaryote, and 3) transduction- genes are
passed between prokaryotes through viruses (Campbell 1996). These three mechanisms only
contribute unilateral transmission of DNA and do not allow for the genetic variability that is
found in eukaryotic meiotic sexual reproduction (Campbell 1996). However, bacteria do have an
advantage over eukaryotic cells in that they reproduce extremely fast. Often the generation time
for prokaryotes is measured in minutes or hours. This allows for rapid transmission of
advantageous mutations to propagate to a large number of offspring generations (Campbell
1996). The diversity of reproductive mechanisms of bacteria increases the number of ways that
genetically encoded resistance material can be transmitted through the bacterial community.
Resistance genes are present in nature. They can be attributed to several sources. First,
as mentioned here resistance can arise from natural selection pressure on bacterial organisms
from the increased use of antibiotic drugs. Secondly, microbes can naturally produce antibiotics
for defense (Campbell 1996). Third, there can be natural resistance in the environment. In a
survey of the Krakatau Islands, Graves et al. (1988) documented antibiotic resistance in soil
microbes that could not be correlated to human use. This resistance was correlated to the
presence of antibiotic producing plants in the vicinity of the resistant soil microbes (Graves et al.
1988). Resistance was present on one of the Krakatau Islands despite the complete sterilization
to the islands flora and fauna during an 1883 volcanic eruption (Graves et al. 1988). The authors
suggest that some resistance to naturally occurring chemicals in the environment may lead to
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increased resistance to synthetically derived drugs with similar chemical compositions. Despite
the findings of Graves et al. (1988), the authors still note that resistance was genetic and that
resistance, despite its natural occurrence, has impacts on the effectiveness of antibiotic drugs in
medicine.
Antibiotic resistance is a genetic process. Genetic mutations, resistance through genecapture through tandem assemblages of several bacterial genera, and rapid reproduction have all
been attributed to the rapid evolution of drug resistance. Likewise, bacterial cell structures may
show intrinsic resistance to some drugs. For example, Cohen (1992) summarizes that Gramnegative bacteria can be naturally resistant to penicillin due to cell wall structure. The incredible
flexibility shown by bacteria in their ability to horizontally and vertically transmit genetic
information combined with the extremely large amounts of antibiotics anthropogenically
released into the environment has lead to increased antibiotic resistance and subsequent battles
between humans and microbes.
The rates of antibiotic resistance are increasing today. Direct correlations have been
made between drug resistance and 1) anthropogenic input of drugs into the biosphere (Mazel and
Davies 1999) and 2) the existing reservoir of genetic resistance through naturally occurring
antibiotic chemicals (Graves et al. 1988).
2.2

Antibiotic Drugs and Combating Pathogenic Bacteria
MERCK (1998) defines antibiotics as drugs developed from bacteria or from de novo

synthesis, which act on bacteria by inhibiting cell wall synthesis and activating enzymes that
destroy the cell wall, increasing cell membrane permeability, interfering with protein synthesis,
and interfering with nucleic acid metabolism. Different antibiotic drugs are designed to target
different cell types. Antibiotics were first made available in 1944 during World War II, when
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penicillin was introduced on a wide-scale basis to the medical community (Garrett 1995). The
British scientist Alexander Fleming named the drug penicillin when he discovered that
Penicillium mold could kill Staphylocuccus bacteria (Garrett 1995). Penicillin became the first
of an arsenal of drugs aimed at bacterial infections and by 1965 more than 25,000 antibiotic
products had been developed (Garrett 1995).
Several antibiotic drugs are currently used worldwide to combat disease, protect
agriculture against pests, and promote health and growth in agriculture and aquaculture. Drug
use in all of these categories has lead to ABR in the environment and may serve as potential
point sources for ABR. This current study focused on the ABR patterns of 13 drug types, which
are summarized in Table 3-2.
2.3

Antibiotic Resistance in Agriculture
Approximately 50% of the world’s antibiotic application is in agriculture (Teuber 1999).

Approximately 48 billion cattle, pigs, sheep, goats, chickens, and turkeys are potential recipients
of antibiotic drugs annually (Teuber 1999). Teuber (1999) summarizes the role of antibiotics in
livestock farming into three uses: 1) Therapeutic treatment of animal disease, 2) Prophylactic use
to avoid infection of a herd when a single animal shows disease symptoms, and 3) Nutritive use
to induce growth promotion.
Therapeutic treatment of animal disease often involves the same drugs used in human
medicine (NRCIM 1998). Broad-spectrum drugs such as ciprofloxacin, enrofloxacin,
chloramphenicol and narrow-spectrum drugs like penicillin are all used in animal medicine to
treat disease (NRCIM 1998). Teuber (1999) summarizes the input of antibiotics to feed lots in
Europe on a nation-by-nation basis. France alone utilized nearly 1 million kg of antibiotics
solely for therapeutic treatment of farm animals in 1989 (Teuber 1999).
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Kizil and Lindley (2001) demonstrated that agricultural runoff leads to the input of
manure and livestock waste into freshwater systems and subsequently produces watershed
pollution. Chee-Sanford et al. (2001) showed that agricultural runoff plays a large role in the
development of antibiotic resistance in ecosystems. High diversity in resistant genetic material
to specific drugs was correlated to the use of those drugs in agricultural facilities. Soil bacterial
isolates from areas with no agricultural manure input showed no resistance, while soil and
freshwater isolates from agricultural areas showed high patterns of drug resistance (CheeSanford et al 2001).
2.4

Antibiotic Resistance in Aquaculture
Reviews with quantitative data on antibiotic uses in agriculture, such as Teuber (1999)

are more common in the literature than published data on aquaculture. One of the only published
reviews of antibiotic drug use in U.S. aquaculture points out the lack of standardization in drug
use and drug use reporting in aquaculture (Benbrook 2002). Benbrook attempted to publish
estimates of U.S. aquaculture drug use similar to the studies summarized in Teuber (1999), by
calculating estimated drug uses on specific fish species. Aquaculture and agriculture both rely
heavily on the introduction of antibiotic drugs through animal feed. Especially, in the case of
herd prophylaxis (Benbrook 2002). In general, food is laden with antibiotics for the desired
treatment and fed to livestock or fish in mass. This allows the entire school or herd the same
probability of acquiring the drug. However, in these situations, there is potential for dilution
from the environment and over prescribing dosages is used to compensate for the dilution
(Lunestad 1991). Lunestad (1991) showed that under experimental conditions, free-ranging fish
within 400 m of aquaculture pens receiving drugs through feed acquired the antibiotic residues
directly. Benbrook (2002) estimated that the U.S. trout farming industry alone prescribed over
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25,000 kg of antibiotics in fish feed annually. These studies support a hypothesis that more work
is needed to define the impacts of ABR in marine wildlife.
2.5

Antibiotic Resistance in the Human Situation, Is ABR Spatially Explicit?
The majority of studies available on agricultural and aquacultural ABR lack information

on the potential for spatially explicit patterns of resistance. In order to evaluate spatial
explicitness in ABR patterns that may be found in wildlife, it is valuable to briefly review ABR
in the human situation, where most of the data is available. Aubry-Damon and Courvalin (1999)
presented a comparison of ABR resistance patterns of humans in France to other parts of Europe
and the United States. When compared to European countries, France was mostly similar in
their patterns of ABR resistance. Resistance was present in some quantity to nearly all drugs
tested. The greater the use of a drug in France, the higher the resistance prevalence for that drug.
For example, when fluoroquinolones were used in greater quantities compared to other countries,
such as Sweden, which has limited access to these drugs, the resistance prevalence was higher.
When France was compared with the United States, the differences were clearly distinct (AubryDamon and Courvalin 1999). The differences noted in the study were directly attributed to
differences in usage patterns (Aubry-Damon and Courvalin 1999). For example, the incidence
of nosocomial infections of glyocpeptide-resistant enterococci in hospitals is greater in the U.S.
when compared to France because vancomycin usage is more widespread in the U.S.
A nationwide study of humans in Croatia showed spatial differences in patterns of ABR
too. A survey of ABR from 17 national laboratories demonstrated that drug resistance varied
between geographic regions (Andraševac et al. 2002). Drug resistance to particular antibiotics,
such as vancomycin, showed discrete geographic patterns and was not distributed evenly across
space in Croatia. A sentinel surveillance program in the United States also showed that ABR
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resistance varied geographically. Schrag et al. (2002) reported that the variation in ABR differs
through space and is relative to population. Sentinel labs were defined as labs that reached
minimum thresholds of bacterial isolate over a set period of time (Schrag et al. 2002). The
authors suggested that the number of samples selected to qualify each sentinel laboratory for
inclusion in the surveillance influenced the spatial patterns of resistance patterns nationwide
(Schrag et al. 2002). When species-specific isolate numbers had to reach a total greater than or
equal to 10 the spatial variation of ABR differed as opposed to using a lower minimum threshold
(Schrag et al. 2002). Essentially the study supported a hypothesis that aggregating data can
affect the geographic trends in the nationwide data.
A Finnish study demonstrated that native residents sampled for ABR upon returning from
travel had different patterns of resistance based on where the individuals had traveled (Hakanen
et al. 2001). Travelers returning from Southeast Asia had the highest resistance prevalence of
all travelers from Finland. Specifically, the travelers returning from Southeast Asia showed the
highest overall resistance to fluoroquinolone drugs. The study is one of the first studies to isolate
the geographic location of resistance and track resistance inter-contientally (Hakanen et al.
2001).
2.6

Antibiotic Resistance in the Environment, Spatially Explicit Patterns of ABR
With the exception of the study of manure runoff impacts on watersheds (Kizil and

Lindley 2001) and the data available on manure influence on environmental ABR (Chee-Sanford
2001), few studies have been published on the spatial patterns of ABR in the environment. A
review of recent literature on the presence of ABR in freshwater rivers suggests that spatial
differences do exist in the environment. Ash et al. (2002) reported that antibiotic resistant
bacteria were present in 16 major U.S. rivers. Resistance was found to be both intrinsic, which is
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expected to some degree in nature, and acquired through anthropogenic introduction of antibiotic
drugs (Ash et al. 2002). Some of the bacteria isolated in the study were pathogenic to humans
and posed potential threats to human health. Additionally, resistance in bacteria was present in
all rivers tested. Ash et al. (2002) is one of the only studies to provide information on the spatial
distribution of ABR in the environment by presenting spatially explicit sampling locations and
data values.
A second study of rivers to produce spatially explicit data was conducted on the presence
of ABR in relationship to distance from sewage effluent from municipal water treatment
facilities near Columbus, Ohio. Hutfitz (2002) tested water samples collected upstream,
downstream, and directly at the outflow of water facility effluent to test for point sources of ABR
bacteria. No correlations were made between distance from effluent and ABR prevalence. ABR
bacteria were present in samples from all locations and no significant correlations could be
made, which suggests that ABR is present in rivers regardless of effluent discharge (Hutfitz
2002). Hutfitz (2002) demonstrated that rural areas along the Columbus River had lower
resistance overall upstream and downstream when compared to urban river sites. However, the
study did document an increase in ABR at sites directly influenced by water treatment plant
effluent in rural areas. In a similar study, Burnside (2002) showed opposite results with
increased resistance at rural sites compared to urban sites in an evaluation of river ABR in
Blacklick Creek and the Scioto River, both in Ohio. These studies support a hypothesis that
ABR patterns vary spatially between environmental sites. Comparing ABR patterns between
agricultural sites also supports this hypothesis. The study of soil and freshwater sources sampled
in the presence of agricultural manure showed higher prevalence than areas with no manure input
(Chee-Sanford et al. 2001). With the exception of Lunestad (1991), which focused on the spread
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of antibiotics within 400 m of an aquaculture pen, this author could find no such studies
published on spatially explicit patterns of ABR in the marine environment.
2.7

ABR in the Marine Environment

2.7.1 Marine Fishes
The existence of ABR in the environments immediately located near agricultural sites
and aquacultural facilities, as well as in freshwater river sources throughout the U.S., suggests
that research should be done to find analogs in the marine environment. Only a limited number
of studies have addressed the presence and potential pathways of ABR in top-level marine
predators.
Miranda and Zemelman (2001) presented data on ABR in a relatively small sample of
demersal and pelagic fishes from Concepción Bay, Chile. Bacterial isolates from the gills and
intestines were tested for ABR from twenty-two fish representing nine species, including one
shark species, Mustelus mento (Miranda and Zemelman 2001). The study found a high incidence
of resistance to ampicillin, streptomycin, tetracycline, and low incidence of resistance to
chloramphenicol, with extremely low numbers of resistance to six other drugs. However, the
study found at least some resistance to all drugs tested in all species sampled. The speckled
smooth-hound, M. mento, is a temperate, bottom dwelling, small shark (Maximum length: 130
cm) found in the inshore and offshore environments of the South American Continent,
predominantly on the western Pacific coast (Compagno 1984). It is regularly harvested in the
commercial fisheries of South America. M. mento is an elasmobranch, and therefore may
represent upper trophic level in the marine environment. Though M. mento is not listed by
species in the list of standardized trophic levels by Cortés (1999), all members of the genus fall
within a trophic level of 3.6-4.2, which suggests that they are in the upper two trophic levels of

15

marine predators. Cortés (1999) presented data on trophic levels to suggest that nearly all shark
taxa are either secondary or tertiary feeders. Miranda and Zemelman (2001) found resistance to
ampicillin, streptomycin, and tetracycline in at least 6.7% of the bacteria isolated from two M.
mento. Though the overall data set presented by Miranda and Zemelman (2001) is limited, it
does present information on the presence of ABR in the marine ecosystem of Concepción Bay,
Chile. Additionally, the study does present ABR in a shark species suggesting that ABR does
exist in the upper trophic levels of the ocean. Miranda and Zemelman (2001) hypothesize that
feeding behavior and ecology have little to do with the prevalence and emergence of ABR, since
ABR was found in all species tested, pelagic and demersal. Due to the limited sample size of the
study, Miranda and Zemelman (2001) presented no data on the spatial distribution of the fishes
sampled.
2.7.2 Marine Mammals
Marine mammals represent upper-trophic level species within the marine environment
(Cortés 1999). In recent years, two studies have been published on the patterns of ABR in
pinnipeds (seals and sea lions, Johnson et al. 1998) and cetaceans (dolphins, Wong 2002).
Johnson et al. (1998) presented data on ABR from live-stranded California sea lions,
Zalophus californianus, harbor seals, Phoca vitulina, and northern elephant seals, Mirounga
angustirostris, from the coast of California. From 1994-1995, 129 bacterial isolates representing
nineteen genera were collected from the wound sites of injured seals presented to The Marine
Mammal Center (Sausalito, CA, USA) prior to any medical treatment or antibiotic prescription.
Animal wound sites were cultured and bacteria were tested for ABR. Resistance was
documented in at least a percentage of all drugs tested from all three species. However, no
spatial data were published on the distribution of animals along the California coast. All three
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species are resident to the Pacific coast of California and several studies are available on the diel
behavior and migratory patterns for these species (Reeves et al. 1992). Though sample size was
limited in the study, the spatial distribution of the animals might show interesting trends in the
patterns of resistance to each drug.
Wong (2002) presented the first published prevalence data on resistance to ciprofloxacin,
an antibiotic used in human medicine, in bottlenose dolphins, Tursiops truncatus, from
California. 17 bacterial isolates from ten bottlenose dolphins were positive for ciprofloxacin
resistance out of 689 total samples from several captive pinnipeds and dolphins sampled over a
ten-year period. The study population was comprised of captive dolphins and no geographically
explicit data was available in the study. The dolphins in the study were housed in open-water
pens on the San Diego coast of California. It should be noted that this study population of
captive animals might not be representative of wild populations since they had limited contact
with wild populations and were in constant contact with humans. However, the studies on
marine fishes and marine mammals do all support the hypothesis that marine species harbor
antibiotic resistance and therefore may serve as reservoirs for ABR.
2.8

Animal Sentinels in Health Surveillance
The use of animals to monitor environmental health is not uncommon. The U.S. National

Research Council (NRC) houses a Committee on Animals as Monitors of Environmental Health,
which is dedicated to the study of how animals can be used to document and quantify
environmental health and anthropogenic impacts to the environment (NRC 1991). NRC (1991)
defines animal species that are used as environmental monitors as sentinel species. The
definition states that sentinel systems are “systems in which data on animals exposed to
contaminants in the environment are regularly and systematically collected and analyzed to
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identify potential health hazards to other animals or humans” (NRC 1991). Antibiotic resistance
is not directly reviewed in a 1991 publication on the role of sentinel species, but an entire chapter
is dedicated to the hazards fishes and other wildlife species have been used to monitor.
Examples of sentinel data from fishes included in the review are 1) tumors, 2) water quality of
the great lakes, 3) ecosystem monitoring of the Puget Sound in Washington state, and 4)
contamination of the human food chain (NRC 1991). Reddy et al. (2001) summarized several
studies on the potential roles for marine mammals as sentinels and suggest that marine mammals
are useful for detecting changes in the environment that may directly impact human health.
2.9

Can Sharks Be Used as Sentinels for ABR?
Sharks are long-lived, highly migratory, upper-trophic level predators (Last and Stevens

1994, Cortés 1999). Sharks are one of the oldest groups of marine fishes on earth. Together,
with rays and chimaeras, they make up the class of cartilaginous fishes known as Chondrichthyes
(Last and Stevens 1994). Today the Chondrichthyes make up nearly 5% of the total species
living in the world’s fresh and seawater systems (Last and Stevens 1994). Sharks and rays make
up the subclass Elamobranchii, of which sharks represent about 45% of the 815 known species
(Hickman et al. 1998). Sharks inhabit nearly all of the earth’s saltwater bodies (Compagno
1984) and interact near the top of every food web in all the environments in which they are found
(Cortés 1999). Biota are placed into four basic trophic level divisions based on the food items
they consume (Campbell 1996). The four trophic levels are 1) producers (autotrophs that
produce energy), 2) primary consumers (herbivores that eat primary producers), 3) secondary
consumers (species that predate primary consumers), and 4) tertiary consumers (species that
predate on the highest trophic levels) (Campbell 1996). Four shark species were directly
targeted to serve as sentinel candidates for this current study 1) spinner sharks, Carcharhinus
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brevipinna, 2) bull sharks, C. leucas, 3) nurse sharks, Ginglymostoma cirratum, and 4) smooth
dogfish, Mustelus canis. Additional samples were collected from a small miscellaneous
collection of blacktip sharks, Carcharhinus limbatus, and a lemon shark, Negaprion brevirostris.
Cortés (1999) standardized the prey species and trophic levels of all the species selected for this
study. Bull sharks, blacktip sharks, spinner sharks, and lemon sharks are all tertiary consumers,
while smooth dogfish and nurse sharks are secondary consumers. For the purposes of this study
all sharks sampled can be considered upper trophic level predators. It is assumed that only other
shark species will predate on dogfish and nurse sharks.
The following sub-sections will briefly describe the natural history of each of the shark
species sampled in this current study. The life histories are listed based on taxonomic order (see
Compagno 1984 for a complete taxonomic classification of all sharks).
2.9.1 Nurse Shark, Ginglymostoma cirratum
The nurse shark, Ginglymostoma cirratum, is a demersal (bottom dwelling) shark of the
subtropical continental and insular shelves of North, Central, and South America, with limited
distribution on the Atlantic west coast of Africa (Compagno 1984). G. cirratum is a species in
the family Ginglymostomidae, order Orectolobiformes. The nurse shark is a popular aquarium
species and well known to the general public, yet limited information is available on the biology
of the species (Castro 2000). Nurse sharks feed primarily on bottom dwelling invertebrates and
benthic fishes (Compagno 1984). Castro (2000) reports that juvenile sharks (50-120 cm in
length) in Florida were collected around shallow reefs less than 3 m deep. Larger juvenile sharks
(120-170 cm in length were captured in mangroves and shallow reefs 4 m or less in depth
(Castro 2000). Larger juveniles and adults were collected around reefs between one and 75 m
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deep during daylight hours and reefs less than 20 m deep at night (Castro 2000), suggesting that
nurse exhibit diel shifts in movement patterns.
Castro (2000) reports that size ranges presented in earlier works may exaggerate the
maximum size of the species. According to Castro (2000) males reach maturity at approximately
214 cm or 83% of maximum size. Females reach maturity at 223-231 cm, 86% of maximum
size (Castro 2000). Reproduction is ovoviviparous (embryo develops intra-utererally within an
egg case) (Compagno 1984), with a five to six month gestation and a biennial reproductive cycle
(Castro 2000).
Limited data is available on the age and growth of nurse sharks. Carrier and Luer (1990)
presented annual growth rates for three semi-captive nurse sharks in the Florida Keys. No von
Bertalanffy age and growth curves have been published for the nurse shark using vertebral band
ageing methods.
There is limited commercial interest in nurse sharks, but Compagno (1984) reports that
artisanal fisheries prize the nurse shark for its thick skin for leather, meat for salted and fresh
consumption, and liver oil.
2.9.2

Smooth Dogfish, Mustelus canis
The smooth dogfish, Mustelus canis, is a small shark in the family Triakidae, order

Carcharhiniformes. The smooth dogfish has a more limited geographic range than the nurse
shark. It ranges from the northern coast of Brazil to the coastal waters of New England
(Compagno 1984). Smooth dogfish are found through the Gulf of Mexico and along the east
coast of North America along the continental shelf and insular shelves (Compagno 1984). In the
United States, the species prefers water less than 18 m deep and often enters small bays and
harbors with mud or sand bottoms (Compagno 1984). Smooth dogfish are primarily demersal,
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feeding mostly on crustaceans, primarily lobsters and crabs, but will feed on some small fish
species (Compagno 1984). The smooth dogfish is the second most abundant shark in New
England waters according to Compagno (1984).
Males mature at approximately 82 cm and attain a maximum length of 150 cm, while
female mature at about 90 cm and reach lengths of at least 122 cm (Compagno 1984). Conrath
et al. (2002) published age and growth curves for the species. According to Conrath et al. (2002)
males mature at two to three years of age and females mature between four and seven years.
Male maximum age is approximately ten years and female maximum age is sixteen years
(Conrath et al. 2002). Reproduction is viviparous (live birth with a yolk-sac placenta) with a
litter range of four to 20 pups (Compagno 1984).
Smooth dogfish are important in fisheries in New England, and throughout the Caribbean
and often caught using longlines and bottom trawls (Compagno 1984).
2.9.3

Spinner Shark, Carcharhinus brevipinna
The spinner shark, Carcharhinus brevipinna, is a large, slender coastal-pelagic shark

species in the family Carcharhinidae, order Carcharhiniformes (Compagno 1984). The spinner
shark is distributed throughout the warm-temperate, sub-tropical, and tropical waters of the
world and is cosmopolitan throughout its range (Compagno 1984). The spinner shark is a
piscivorous predator, feeding primarily on small fishes (Compagno 1984). The species is most
common in waters less than 30 m deep along the continental shelves and is often found schooling
with other spinner sharks (Compagno 1984). Compagno (1984) reports that the species is highly
migratory off the coasts of Florida and Louisiana in the Gulf of Mexico. Neer et al. (2003)
confirmed this with a three-year survey of juvenile sharks in Louisiana and showed that spinner
sharks are only present in the estuaries during the spring and summer. Juvenile spinner sharks
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have been recorded in the estuaries of Louisiana in the spring and summer (Neer et al. 2003) and
in the offshore waters of Louisiana throughout the summer and late fall (Blackburn, unpublished
data).
Reproduction is viviparous in spinner sharks, with litter sizes of three to 15 pups and a
gestation of approximately 12 months (Compagno 1984). Maximum size for male sharks is at
least 233 cm, with male maturation at 159-203 cm (Compagno 1984). Maximum size for
females is approximately 278 cm, with maturation at 170-200 cm (Compagno 1984).
Spinner sharks are common in shark fisheries in all parts of its distribution and are
collected using nets, longlines, and hook and line (Compagno 1984).
2.9.4

Bull Shark, Carcharhinus leucas
The bull shark, Carcharhinus leucas, is a member of the family Carcharhinidae, order

Carcharhiniformes. Bull sharks have a cosmopolitan distribution throughout the tropical and
sub-tropical waters of the world (Compagno 1984). The species is well known throughout its
range for its ability to penetrate freshwater systems (Compagno 1984). Likewise, Compagno
(1984) reports that bull sharks are also found in hypersaline environments throughout its range in
South Africa. In Louisiana, bull sharks are found in the freshwater environments of Lake
Pontchartrain and throughout the brackish and saltwater environments of the coast (Blackburn
unpublished data, Neer et al. 2003). Bull sharks are most common in coastal waters near shore
(Compagno 1984) and in coastal estuaries (Neer et al. 2003). The species has a wide range of
prey items, from crabs to other shark species, and is an opportunistic predator (Compagno 1984).
Maximum size in male sharks is at least 299 cm, with maturation between 157 cm and
226 cm (Compagno 1984). Female maximum size is at least 324 cm, with maturation between
180 and 230 cm (Compagno 1984). Reproduction is viviparous and litter range is one to 13 pups
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(Compagno 1984). Age and growth estimates have recently been published for bull sharks in
South Africa and the Gulf of Mexico. Wintner et al. (2001) estimated bull shark maximum age
at 50 years for sharks from the Indian Ocean, while Neer et al. (2003) estimate Gulf of Mexico
sharks to reach 30 plus years of age.
Bull sharks are important species in commercial fisheries in nearly all parts of its range,
including large freshwater populations (Compagno 1984).
2.10

Redfish, Sciaenops ocellata
Redfish, Sciaenops ocellata, are an important recreational, long-lived sportfish in the

Gulf of Mexico. The life cycle and reproductive cycle of the species can be divided into two
segments, inshore and offshore (Perret et al. 1980). Seven fish from an offshore population of
redfish were sampled for ABR in this study. The offshore population of redfish from Louisiana
is estimated to spawn from late summer to early spring and remain in the offshore waters
throughout the winter (Perret et al. 1980). Redfish utilize the inshore estuarine waters as nursery
grounds, with young remaining in inshore waters with grassy or muddy substrate, while adults
are found along the marsh edge in the estuaries and deeper oyster reefs and oilrigs in offshore
waters (Perret et al. 1980). Redfish are upper-trophic level feeders, and are assumed to have
limited predation as adults, with the exception of large sharks. Redfish feed on both crustaceans
and fishes in the estuaries and offshore waters. Juveniles begin feeding on small copepods and
feed on large crustaceans and polychaete worms as they grow (Perret el al. 1980). Adults feed
primarily on crabs, shrimp, and fish (Perret et al. 1980).
Growth and development is rapid in the species during the first four years of life, but
slows after year four (Perret et al. 1980). Redfish age can be estimated from annual growth
layers in the otoliths (ear bones) throughout the lifespan, and from length during the first four
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years of life (Perret et al. 1980). Once fish reach age four or five, the annual growth in total
body length does not grow proportionally with the age of the fish. Estimates of age for redfish
over approximately 75 cm vary from five years of age to greater than 30 years of age (Murphy
and Taylor 1990).
2.11

Hypotheses
The specific research of this objective was to determine if bacteria collected from sharks

and redfish were resistant to antibiotic drugs. The primary hypotheses tested in this study were
that ABR prevalence would decrease as populations were collected further from shore, nurse
sharks in Belize would have higher ABR prevalence due to regular direct contact from humans,
and that patterns of ABR would be spatially explicit.

24

CHAPTER THREE
MATERIALS AND METHODS
3.1

Spatially Explicit Study of Antibiotic Resistance Patterns in the Marine
Environment Using Top-Level Predators
Antibiotic Resistance (ABR) is a growing concern in human medicine and agriculture.

No systematic study has been performed to establish the presence, or estimate the prevalence of
ABR in the marine environment using predatory fishes. Nor has information been published on
the potential spatial differences among ABR patterns in the marine environment. Bacterial
swabs from several shark species and one marine teleost species were collected in a crosssectional study to determine if bacteria isolated from top-level marine predators from distinct
geographic locations were ABR positive, and to determine if marine predators might act as
sentinels for ABR surveillance.
3.2

Animal Length Measurements
Sharks were collected in five of the six sampling locations. Not all of the species

sampled can be measured using the same length measurement. This section briefly describes the
measurements used in each of the locations and on each the species mentioned in the sections of
this chapter. Sharks measurement types must vary by species, depending on the body type and
presence or absence of a pre-caudal pit, a transverse notch in front of the caudal fin (Last and
Stevens 1994). All Carcharhinid sharks in this study were measured using four straight-line,
Euclidian distances from the tip of the snout to four defined end points. Pre-Caudal Length
(PCL) is the straight-line distance from the tip of the snout to the pre-caudal pit. Fork Length
(FL) is the straight-line distance from the tip of the snout to the fork or midpoint in the caudal
lobe. Total Length (TL) is the straight-line distance from the tip of the snout to the tip of the
upper caudal lobe, with the tail in a natural position. To measure TL, a perpendicular line is
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imagined from the tip of the upper caudal lobe to meet the centerline of the body. Stretch Total
Length (STL) is the straight-line distance from the tip of the snout to the end of the upper caudal
lobe when it is pulled in a straight line with the centerline of the body. All Carcharhinid sharks
in this study were placed in lateral recumbency on a measuring board and lengths were read in
centimeters. Measurement definitions are based on those from other ongoing studies in
Louisiana coastal waters (Neer et al. 2003). All lengths reported for sharks from Louisiana in
this study are in FL.
Nurse sharks were measured in curved STL. Fish were placed in ventral recumbency and
measured by placing one end of a nylon tape measure on the tip of the snout and laying the tape
along the curvature of the body to the tip of the upper caudal lobe. Lengths were read in
centimeters. All nurse sharks lengths in this study are reported in STL.
Smooth dogfish were only measured in curved FL. Animals were restrained in the water
and a nylon tape was used to measure the curved distance from the tip of the snout along the
lateral line of the body to the fork in the caudal fin. Lengths were read in centimeters.
3.3

Study Site Descriptions and Fish Collection Techniques
Six study sites were used to sample marine top-level predators for this study. Five sites

were locations of shark collection efforts (Figure 3-1, sites 1,2,3,4,6), and one location was
opportunistically chosen to sample a teleost species (Figure 3-1, site 5). Each location
represented a separate population of animals, a separate biophysical geographic setting, and
differing anthropogenic influences. The geographic location of each sampling location was
recorded as latitude and longitude in the field using a Magellan 312© 12-channel Global
Positioning System receiver (Magellan Corporation, Santa Clara, CA, USA). Table 3-1 lists the
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latitude and longitude of each of the six sampling locations. The following section will briefly
describe the study locations and methods used to collect animals in each site.
Table 3-1
Site location names, latitude/longitude, and habitat type of all six study sites.
Site Number
1
2
3
4
5
6

Geographic Location
Belize
Florida Keys
Louisiana Coastal
Louisiana Offshore, Sharks
Louisiana Offshore, Redfish
Massachusetts

Location Name
Shark Ray Alley
Dry Tortugas
Skomal Point
Offshore Oilrig 1
Offshore Oilrig 2
Vineyard Haven Harbor

Latitude
17.8413
24.6226
29.142
29.1215
29.055
41.6621

Longitude
-87.9864
-82.8495
-90.2734
-89.547
-89.5221
-70.5829

Habitat Type
grass flats
patch reef
shallow bay
openwater
openwater
shallow bay

Figure 3-1. Map of locations where animals were sampled for Antibiotic Resistance. 1) Hol
Chan Marine Reserve, Belize-nurse sharks, 2) Dry Tortugas National Park, Florida Keys Island
Chain, 3) Timbalier Bay, Louisiana-bull sharks, 4) Offshore waters of Louisiana-spinner sharks,
5) Offshore waters of Louisiana-redfish, 6) Vineyard Haven Harbor, Massachusetts, dogfish
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3.3.1 Belize
Belize is a small country on the eastern Caribbean coast of Central America (Figure 3-1
site 1). All samples in this study were collected from the waters of Ambergris Caye, the largest
island in Belize. Ambergris Caye is a long narrow island positioned from north to south on the
northern coast of the country. It is approximately 40 km in length and varies from several
kilometers wide in the north to only a few hundred meters wide at the southern end. The island
is a barrier island situated between the mainland of Central America and the longest contiguous
reef in the western hemisphere (Mallan and Lange 1999). San Pedro is the largest town on the
island, located on the southern end of Ambergris Caye. San Pedro has a population of
approximately 3000 people (Mallan and Lange1999). The marine environment of Ambergris
Caye is a range of habitats from backwater mangrove lagoons and creeks on the western side of
the island to large shallow grass beds between the island and a long barrier reef running from
north to south. All sharks collected for ABR in Belize were collected from the waters south of
Ambergris Caye, within the Hol Chan Marine Reserve (HCMR).
The HCMR is a 7.8 km2 tropical marine reserve located approximately 6.5 km south of
San Pedro. It was established in May 1987. The HCMR is divided into 4 zones (A-D), each
encompassing a different marine habitat (reef, mangrove, grass bed, shark area) (HCMR 2003).
All sharks were collected in Zone D, Shark Ray Alley. Shark Ray Alley is located
approximately 8 km southwest of San Pedro. The habitat of Shark Ray Alley is a mix of shallow
grass flats (approximately 2 m) and mixed patches of coral reef (Blackburn, Pers. Obs.). In
August 1999, Zone D was officially incorporated into the reserve. Today, there is no fishing
allowed within the reserve. However, the sharks still congregate in the area to be fed by tour
guides aiming to attract sharks for the tourists.
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Fourteen nurse sharks were collected in Belize. Five nurse sharks were collected from 15
to 20 November 2001 (5/14, 36%). Water chemistries were not collected in November 2001, but
local weather reports from San Pedro estimated the water temperature at approximately 25˚C.
Nine nurse sharks were collected from 27 to 28 May 2002 (9/14, 64%). Water chemistries were
recorded with a YSI-90 digital water chemistry probe (YSI, Inc, Yellow Springs, OH, USA).
Water temperature was 28.6˚ C, salinity was 37.3 0/00, conductivity was 59.9 µS, and dissolved
oxygen was 6.3 mg/L (100%).
Sharks were hand captured by snorkelers in the water. Researchers would approach freeswimming sharks in the water as they were feeding from tour guides at the surface. The
swimmer would grab the shark one of two ways: 1) If the shark were swimming away from the
researcher, the swimmer would free-dive to the bottom, grab the shark by the caudal peduncle
(the section of tail just cranial to the tail fin) with one hand, and by the first dorsal fin with the
second hand. Once the animal was securely held, the researcher would then roll the shark upside
down and swim with the shark in an upside down position to the research boat, or 2) If the shark
was intent on feeding, the researcher would grab the shark slowly by placing one hand on the
dorsal surface of the body cranial to the first dorsal fin and then place the second hand directly
under the first hand on the ventral side of the body. The researcher would then invert the shark,
pull it close to the swimmers body, and swim to the research vessel. At the research vessel, the
researcher would lift the caudal half of the body above the surface of the water and a researcher
onboard would swab the cloaca. The researcher on deck would then measure the animal while
still in the water using a measuring tape, or estimate the length in centimeters. Once the animal’s
gender was determined (by the presence of claspers in males and lack of claspers in females),
length was recorded, and a swab was collected the animal was released. Animals with distinct

29

coloration or distinct scarring or markings were noted so that they would not be re-sampled. No
sharks were re-sampled in the same trip.
Three of the nine sharks (3/9, 33%) were brought out of the water, swabbed, and then
tagged with National Marine Fisheries Service (NMFS) M-style identification tags in May 2002.
These sharks were released into the water boatside and were not re-sighted during the three-day
sampling trip, with the exception of one large juvenile female who was re-sighted 48 hours post
tagging (1/3, 33.33%). The female was seen interacting with tour boats in the same location
where she was tagged two days earlier. Animals swabbed boatside while still in the water could
not be tagged. The skin of nurse sharks is exceptionally thick and there was no way to pierce the
skin with the tagging dart while in the water. Notes were recorded on all nine sharks and tour
guides also helped catch and identify animals that were not known to the researchers.

Figure 3-2. Location of Shark Ray Alley and the Hol Chan Marine Reserve in Belize
3.3.2

Florida Keys
The Florida Keys (Figure 3-1, site 2) are the southern most islands in the Contiguous

Unites States of America. For this study, sharks were collected in the Dry Tortugas National
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Park, located approximately 110 km west of Key West, the western most island in the chain with
a city. The Dry Tortugas National Park consists of an elliptical, atoll-like, coral reef formation
that is approximately 27 km long by 12 km wide (Schmidt and Pikula 1997). Seven small sandy
islands make up the national park (Schmidt and Pikula 1997). The park is in a remote location,
which can only be reached by seaplane or by boat. Nurse sharks, G. cirratum, were collected
from a small series of patch reefs near the Fort Jefferson Nation Monument within the park
boundary (Figure 3-3). The benthic habitats of the park vary. All sharks collected for this study
were from the same general area of patch reef near the Fort. All sharks were collected under
coral heads in waters less than 3 m, with the exception of one shark that was collected under a
submerge piling in 8 m of water. All sharks were collected within 1.5 km of Fort Jefferson.
The Dry Tortugas study site was selected because an ongoing study in the park has been
monitoring the nurse sharks in the park since 1991 (H.L. Pratt, Pers. Comm.1). The nurse sharks
of the Dry Tortugas are not conditioned to human interaction like those of the HCMR in Belize.
The human interaction in Florida is considerably limited in comparison. The sharks in the Dry
Tortugas do not interact with humans on a daily basis. Nor do they solicit or hand feed for fish
pieces in Florida as they do in HCMR. Swimmers do enter the waters of the Dry Tortugas on a
daily basis. However, the swim area in the Dry Tortugas is not in the same location that sharks
are often found. It has been documented that nurse sharks that may frequent the swim area of the
Dry Tortugas vacate the area each morning prior to the arrival of swimmers (H.L. Pratt, Pers.
Comm.). The most common interaction between humans and nurse sharks in the park is
recreational fishing. Occasionally, a tourist will catch a nurse shark while fishing within the boat
basin near the Fort.

1

H.L. Pratt is Co-director of the Elasmobranch Field Research Association in Summerland Key, FL and has been
Co-Principal Investigator of a study on the behavior and movements of the Dry Tortugas nurse sharks since 1991.
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Seven nurse sharks were collected for this study in the Dry Tortugas National Park. Four
nurse sharks were collected from 17 to 23 May 2002 (4/7, 57%) and three were collected from 5
to 8 January 2003 (3/7, 43%). Water chemistries were recorded on 20 May 2002 using a YSI-90.
Water temperature was 28.1ºC, salinity was 37.6 0/00, conductivity was 60.0 µS, and dissolved
oxygen was 8.11 mg/L (128.2%). Water chemistries were again recorded on 11 January 2003.
Water temperature was 21.1ºC, salinity was 37.5 0/00, conductivity was 56.0 µS, and dissolved
oxygen was 7.0 mg/L (101.5%).
Snorkelers with hand nets collected sharks. Snorkelers would approach coral heads
known to house nurse sharks. A single swimmer would free dive down to the coral head and
spot the animals. Once a shark was located, snorkelers would surround the coral head and hold
hand nets at the exit points. A single swimmer would then use a hand or a pole to aggravate the
shark out of the coral head and into one of the nets. Once a shark was captured it would be
transported to a research vessel, either a small 17 foot bay boat near the collection point or 65
foot live aboard vessel in the boat basin. Sharks would be brought aboard the research vessel
and cloacal swabs would be collected out of the water. Before being released all sharks were
identified with NMFS roto-tags, measured in curved STL to the nearest cm, gendered, and
released.

Figure 3-3. Location of the Dry Tortugas National Park and shark collection site in the park.
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3.3.3

Coastal Louisiana Study Site
The largest collection of sharks in this study came from a coastal estuarine study site

located in the Timbalier Bay System in southeastern Louisiana (Figure 3-1, site 3). Timbalier
Bay is typical of most Louisiana coastal estuaries with shallow waters, mixed salinity, high
turbidity, and protection from the open Gulf of Mexico from a series of barrier islands.
Sampling was focused on Devil’s Bay, a smaller, sheltered bay on the eastern edge of Timbalier
Bay where past surveys have indicated the presence of juvenile bull sharks, Carcharhinus leucas
(Neer et al. 2003) (Figure 3-4). Devil’s Bay is a shallow body of water (<1 m) surrounded by
mixed mangrove and Spartina marsh grass on its northern, eastern, and southern end. All sharks
were collected at Skomal Point, the southern entrance point of Devil’s Bay. Sharks in Devil’s
Bay are most often encountered traveling along the mangrove edge where the land and bay meet.
Devil’s Bay is relatively natural and there has been minimal impact from development. There is
limited boat access to the bay due to its shallow bottom. Most of the boat traffic is attributable to
small shrimp vessels. The majority of the south Louisiana oil industry marine traffic occurs to
the north and east of Devil’s Bay.

Figure 3-4. Shark collection location at Skomal Point, Devil’s Bay, Louisiana.
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Sharks were collected during four one-week long trips to Devil’s Bay from April to
September 2002. Sharks were collected using a 100 m long, 1.5 meter deep, 17 cm stretch mesh
nylon gillnet. The gillnet was deployed by attaching an anchor to one of the net and throwing it
over the bow of a 6 m motorboat. When the anchor was set, the boat was backed away from the
anchor slowly until all of the net was fully deployed. A second anchor was used to secure the
last end of the gillnet. Gillnet sets began at dusk and usually continued through dawn, or as long
as weather would allow. The net was fished for a total of 80 hours during the 2002 sampling
period. Since the water depth was so shallow at Skomal Point, sharks would make a loud splash
when they became entangled in the net. Once a shark was entangled, the motorboat was moved
to the section of the net where the animal was located. The shark, while in the net was brought
aboard the vessel by two researchers, where it was removed from the net, swabbed, tagged with a
NMFS M tag, measured, gender determined, and released. Water chemistry parameters were
recorded throughout the sampling period and had a water temperature range of 22.2 to 32.4ºC
and a salinity range of 17.0 to 37.3 0/00. A total of 58 sharks were collected using a gillnet in
2002.
3.3.4

Louisiana Offshore, Shark Collection
Seven spinner sharks, Carcharhinus brevipinna, and one blacktip shark, C. limbatus,

were collected in the open waters of the Gulf of Mexico between July and November 2002
(Figure 3-1, site 4 and Figure 3-5). Five spinner sharks (5/8, 62.5%) were collected at an oilrig
approximately 11 km from shore. Water depth near the rig was 11 m. Turbidity at the oilrig was
approximately 200 cm, due to the proximity to the Mississippi River Delta. Water temperature
was 32.0ºC. Sharks were collected within 25 m of the oilrig. The remaining three sharks were
collected in the offshore waters of the Gulf of Mexico. Figure 3-5 shows the location of each of
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the three miscellaneous shark captures and the location of the oilrig where the four male spinner
sharks were collected. The blacktip shark was collected at a submerged salt dome, known
locally as the Lump, 35 km from the mouth of the southwest pass of the Mississippi River.
Water depth varies spatially at the lump from 70 to 200 m and turbidity is dependent on the
condition of the Mississippi River and the current weather conditions. The water temperature
was 20ºC. Salinity was not recorded during any of the offshore fishing trips. The remaining two
spinner sharks were collected at two different offshore oilrigs at distances greater than 25 km
from shore during the months of May and July. For the purposes of this study, and the limited
number of samples from these three sharks (n=5 viable bacteria isolates), all offshore shark
samples were pooled into the Louisiana Offshore-Sharks data set.
All sharks were collected on rod and reel. The male spinner sharks were collected using
two 3m-surf rods with Penn 6500 spinning reels, 15 lb monofilament line with steel leaders, and
#5 J hooks baited with cut sardines. The remaining two offshore spinner sharks were collected
using 1.5 m tuna rods, Penn bait casting reels, heavy weight big game monofilament line, steel
leaders, and unknown size circle hooks. Once sharks were hooked, they were brought aboard the
vessel, hooks were removed, lengths were measured, gender was determined, swabs were
collected, and sharks were then released overboard.
3.3.5

Louisiana Offshore, Redfish Collection
Seven adult redfish, Sciaenops ocellata, were collected in late November 2002 at an

offshore oilrig approximately 12 km from the shoreline of southeast Louisiana (Figure 3-5).
Figure 3-1 (site 5) shows the relative location of the redfish site compared to all other sites. The
water depth of the oilrig was 12 m and the turbidity was approximately 150 cm. Water
temperature at the surface was 54˚C. Salinity was not recorded. The first fish was collected
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within 5 m of the rig and the remaining six fish were all collected 2 km south of the oilrig. All
fish were collected using rod and reel. Fish were caught using heavy 1.5 m tuna poles, 60 lb
monofilament line, and various terminal tackles. Two fish were caught using a trolling feather,
four fish were caught using a Rapala trolling lure, and one fish was caught near the oilrig using a
piece of cut bait. Once fish were hooked and landed, they were brought to the stern of the
fishing vessel, pulled on deck, measured, the hook removed, and swabs collected. Redfish were
measured in centimeters using Standard Length (SL), which is defined as the straight-line
Euclidian distance from the tip of the snout to the caudal end of the hypural plate. Fish were
released within one minute of the sample collection.

Figure 3-5. Map of offshore sites in Louisiana where spinner sharks, a blacktip shark, and
redfish were collected.
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3.3.6 Massachusetts
Three smooth dogfish, Mustelus canis, were collected in Vineyard Haven Harbor,
Martha’s Vineyard, Massachusetts on 25 September 2002 (Figure 3-1, Site 5). The Harbor is
located on the northern end of the island and opens up towards Vineyard Sound between the
island and mainland Massachusetts (Figure 3-6). Sharks were collected using an experimental 5
km longline with commercial J hooks baited with American Eels, Anguilla rostrata. The
longline was set out at dusk on 24 September 2002 and recovered at dawn on 25 September
2002. The average water depth of the longline set was 1 m. Sharks were retrieved at dawn and
taken to the Division of Marine Fisheries Field Station on Martha’s Vineyard. The animals were
transported in plastic 90-liter bins with circulating seawater. The sharks were moved to a
holding pin at the field station as part of a separate study. After a 60-minute acclimation period,
the sharks were measured in curved FL to the nearest centimeter using a nylon tape measure,
gender was determined, and cloacal swabs were collected. The animals remained in captivity for
approximately 10 hours and were released at the shoreline of the field station. Each animal was
fitted with a NMFS roto-tag for future identification.

Figure 3-6. Location of dogfish collection site on Martha’s Vineyard, Massachusetts.
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3.4

Bacterial Sample Collection
Bacterial samples were collected from all of the animals by swabbing the cloaca with a

sterile rayon-tip applicator (CULTURETTE, Becton Dickinson Microbiology Systems, Becton
Dickinson and Company, Sparks, MD, USA). The swab was inserted into the cloaca
approximately five to six centimeters and rotated several times. The swab applicator was then
placed in a container with one ampule of 0.5 ml modified Stuart’s transport media provided with
the swab. Swabs were labeled with an identification code unique to the specific shark and placed
on wet ice in an insulated plastic cooler for transport. Swabs were stored on wet ice in the boat
and in a refrigerator at camp. The swabs were held on ice or refrigerated for one to seven days
while in the field. The swabs were transported on wet ice to the Louisiana State University
School of Veterinary Medicine (SVM) for analysis.
3.5

Microbiological Analysis
After the conclusion of each sampling trip, all bacterial samples were inoculated on 5%

blood agar plates (Remel, Lenexa, KS) using a heat-sterilized loop and incubated at 37ºC for 24
hours under aerobic conditions at the LSU SVM. Swab applicators were then incubated in a test
tube with BHI enrichment broth at 37ºC for 24 hours under aerobic conditions. If the enrichment
broth had positive growth, as noted by a change in color and turbidity of the broth, the broth was
then inoculated on 5% blood agar and grown for 24 hours at 37ºC under aerobic conditions.
Presumptive organisms were described based on the color, shape, size, and hemolytic properties
(Alpha- Green hemolysis, Beta- Clear hemolysis, and Gamma- No hemolysis) of the colonies
isolated from the blood agar media. Unique isolates were transferred with a heat-sterilized loop
to stock agar and stored at room temperature until further lab analyses could be completed to
characterize the bacteria.
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To initiate the characterization of bacteria, samples stored on stock agar were re-plated to
5% blood agar plates and incubated at 37ºC for 24 hours under aerobic conditions. Following regrowth of the isolates, a sample of the colony was also incubated on MacConkey Agar (MAC)
for 24 hours at 37ºC under aerobic conditions. Blood agar samples were Gram-stained by
placing a small amount of sample on a clear glass microscope slide with a heat-sterilized loop,
adding one drop of sterile water, and staining with a three step Gram-stain process. Step one was
a 60-second bath in Crystal Violet stain, followed by a brief freshwater rinse. Step two was a 60second bath in Gram’s iodine followed immediately by step three. Step three was a 20-second
bath in Safranin counter-stain, followed by a freshwater rinse and air-drying. Gram stains were
characterized under a microscope using 100x magnification. Stained isolates were characterized
as Gram-positive cocci, Gram-negative rods, Gram-negative cocci, and Gram-positive rods. All
of the results in this study are presented based on Gram-stain characteristics.
A battery of biochemical tests was conducted to further characterize the presumptive
colonies. Catalase tests were performed on each sample by introducing a small drop of hydrogen
peroxide to a sample of bacteria directly from blood agar on a glass slide. Samples were
characterized as positive if the catalase test reactions produced a gas, and negative if no reaction
was present. The oxidase test was also performed on each isolate by evaluating the reaction
between the isolate and an oxidase reagent on filter paper (Remel, Lenexa, KS). The oxidase test
was positive if the filter paper turned purple within 30 seconds of introducing the bacteria and
negative if no reaction was present within the first 30 seconds.
Gram-positive cocci were not characterized beyond the catalase and oxidase tests. Six
biochemical tests were conducted for Gram-negative rods and four biochemical tests were
conducted for Gram-positive rods. Gram-negative rods were evaluated on indicator media
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including triple iron agar (TSI), lysine iron agar (LIA), citrate, motility broth, urea, and tryptose
broth. Gram-positive rods were evaluated using TSI, LIA, urea, and motility. Indicator media
were inoculated using a heat-sterilized loop and incubated at 37ºC for 24 to 48 hours under
aerobic conditions. Indicator media were evaluated after incubation and recorded as positive or
negative. TSI was recorded as alkaline or acidic, and positive or negative for the presence of
H2S gas. LIA was positive if a purple color was present after incubation and negative if yellow
color was present. Motility was positive if bacterial growth was present throughout the medium
and negative if no growth was present. Citrate was positive if the medium was the color blue
and negative if the medium was green. Urea was positive if the medium changed to a red or
bright pink color and negative if the medium was yellow or had no change. Tryptose broth was
positive if growth was present. When tryptose broth was positive, it was indole tested by adding
10 drops of Kovac’s reagent. The indole test was positive if a red color change was noted and
negative if there was no color change. MacConkey Agar was positive if growth was present, and
negative if no growth was present.
For the purposes of this study, results are presented based only on Gram-stain
characteristics. All laboratory analyses used in this study follow standard microbiological
methodologies as presented in the Louisiana Manual of Veterinary Clinical Diagnostic
Bacteriology and Mycology (LSU SVM 2002).
3.6

Antibiotic Resistance Testing
Bacteria were tested for Antibiotic Resistance (ABR) using the Kirby-Bauer Disc

Diffusion Test. Characterized bacterial isolates stored on stock agar were inoculated on 5%
blood agar using a heat-sterilized loop and incubated at 37ºC for 24 hours prior to ABR testing.
Growth from the blood agar was then transferred into a test tube with 1 ml sterile saline with a
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heat-sterilized loop and mixed thoroughly with a vortex mixer for three seconds. The isolate was
added to the saline until a MacFarland 0.5 standard was achieved. The sample was then
inoculated onto Muller-Hinton agar by streaking the bacteria from the test tube thoroughly across
the plate using a sterile cotton applicator. Once inoculated, Sensi-DiscTM Susceptibility Test
paper antibiotic drug discs (Becton, Dickinson and Company, Sparks, MD, USA) were
introduced to the plate using a paper disc dispenser. The plates were then incubated at 37ºC for
24 to 48 hours under aerobic conditions. After the samples had been incubated, the diameter of
the zone of inhibition around each disc was measured as a straight line Euclidian distance in mm
and recorded. Distances for each drug were compared to National Committee for Clinical
Laboratory Standards distances and recorded as Resistant (R), Intermediate Resistant (I), or
Susceptible (S).
Thirteen drugs representing seven drug classes were tested in this study. Table 3-2 lists
all of the drugs tested with the target organism for each drug listed by Gram-stain characteristics.
Table 3-2 also lists the dosage for each test disc and the abbreviation used in chapter four. All
laboratory analyses used in this study follow the methodology of the Louisiana Manual of
Veterinary Clinical Diagnostic Bacteriology and Mycology (LSU SVM 2002).
Resistance to fluoroquinolones, penicillin, ticarcillin, doxycyline, and chloramphenicol
are presented in the results section first as part of the whole drug list for each geographic location
and again separately as individual sections because these drugs have important implications for
human public health and possible implications in conservation medicine.
3.7

Prevalence Estimates
Four rates were calculated for each population of fish sampled to compare potential ABR

prevalence differences by geographic location:
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•

Total Resistance was calculated as the total number of isolates in each population with
resistance to at least one drug divided by the total number of isolates in each population.

•

Multi-drug Resistance was calculated as the total number of isolates with resistance to
more than one drug in each population divided by the total number of samples in that
population.

•

Resistance Prevalence was calculated for each drug by Gram-stain characteristic.
Resistance Prevalence was the total number of Gram-stain specific isolates with
resistance to a specific drug divided by the total number of Gram-stain specific isolates in
that population. For example, P resistance for Gram-positive cocci in Belize was
calculated as the total number of Gram-positive cocci with P resistance divided by the
total number of Gram-positive cocci isolated in Belize.

•

Intermediate Resistance Prevalence was calculated for each drug by Gram-stain
characteristic. Intermediate Resistance Prevalence was calculated as the total Gram-stain
specific isolates with intermediate resistance to a drug divided by the total number of
Gram-stain specific organisms for that population.
Total Resistance and Multi-drug resistance are presented as numerical results. Because

thirteen drugs were tested for three major categories of Gram-stain specific organisms,
Resistance Prevalence and Intermediate Resistance Prevalence are reported graphically for each
geographic region. The Y-axis of each graph is the prevalence rate and the X-axis is each
individual drug tested. 95% Standard Error bars are presented with each of the graphs. Graphs
were generated using Excel 2000© (Microsoft Corporation, Seattle, WA, USA).
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Table 3-2
Classification of antibiotic drugs tested in this study based on drug class, target organisms,
dosages, and abbreviations
Drug Class

Sub-Group

Antibiotic

Target

Dosage (µg)

Abbreviation

Penicillin G

Gram Postive Cocci

10

P 10

Piperacillin
Ticarcillin

Broad-Spectrum; More active against Enterococci
Broad-Spectrum; Most Gram Positive Cocci and some Gram Negatives

100
75

PIP 100
TIC 75

Cefotaxime
Ceftazidime
Ceftiofur

Broad-Spectrum; Excellent against Enterobacteriaceae and Good Gram Positive
Broad-Spectrum; Excellent against Enterobacteriaceae and Good Gram Positive
Broad-Spectrum; Veterinary Use Only

30

CTX 30
CAZ 30
XNL 30

Amikacin
Gentamicin

Limited Broad-Spectrum; Best against Gram Negative Bacilli
Limited Broad-Spectrum; Best against Gram Negative Bacilli

30
10

AN 30
GM 10

Ciprofloxacin
Enrofloxacin

Powerful Broad-Spectrum; Great Activity Against Enterobacteriaceae
Powerful Broad-Spectrum; Veterinary Use Only

5
5

CIP 5
ENO 5

Doxycycline

Broad-Spectrum

30

D 30

Chloramphenicol

Broad-Spectrum activity against Gram Postive and Gram Negative Cocci and Bacilli

30

C 30

Sulfamethoxazole

Broad-Spectrum; Active against most Gram Positive and Gram Negative

25

SXT 25

Bacteriocidal
ß-Lactams
Penicillins

Semi-Synthetic Penicillins

Cephalosporins
Third-Generation

Aminoglycosides

Quinolones
Fluoroquinolones

Bacteriostatic
Tetracyclines

Chloramphenicol

Sulfamethoxazole

3.8

Statistical Analyses
The Shapiro-Wilk test was used to determine whether or not length measurements among

fish sampled were normally distributed. The Shapiro-Wilk W statistic is presented for Belize,
Florida Keys, Louisiana Coastal, and Louisiana Offshore-Redfish. The Kolmogorov-Smirnov
test was used to test for normal distribution in male nurse sharks from Belize, due to a small
sample size. Tests for normal distribution were run using SPSS for Windows 8.0© software
(SPSS, Inc, Chicago, IL, USA). The 95 % binomial confidence intervals (CI) were calculated
for prevalence estimates (Hassard 1991). CI were calculated as the prevalence
+/- (1.96 *(√p(q)/n)). Pearson’s Chi-square tests were calculated to quantify potential interpopulation differences between spatially explicit groups of animals. Pearson’s Chi-square test
was also used to test for inter-specific differences between Louisiana offshore sharks vs. offshore
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redfish prevalence rates. Fisher’s Exact test was used to test for intra-population prevalence rate
differences between genders in bull sharks and to test for inter-specific differences between the
nurse sharks from Belize and the nurse sharks from Florida, since cell counts were less than five.
Power analyses were performed when no difference was detected to determine the likelihood of
committing a type II error. Sample size was calculated to achieve significance at α=0.05 and
power of 0.8. A probability value (p) was used to determine statistical significance. Chi-square,
Fisher’s Exact, power, and sample size estimate statistical analyses were conducted using S-Plus
6.0 Professional© statistical software (Insightful Corporation, Seattle, WA, USA). All statistical
outputs are summarized in Table 4-11.
3.9

Geographical Analyses
Maps were developed using ArcView 3.2© desktop GIS software (ESRI, Redlands, CA

USA) to display Total Resistance, Multi-drug Resistance, or Resistance Prevalence for all
locations simultaneously. Rates were entered as data values into a point theme shapefile
containing the geographic location of each sampling site. Data values were then displayed using
the chart option in the theme editor. Total rates are presented as double bar charts for each
location. The total number of resistant organisms was plotted along with the total number of
isolates for each population. Rates were plotted over a base map of the study region using 1 m
resolution political boundary polygons developed in ArcInfo and available through public
domain (www.gisdatadepot.com). Resistance Prevalence maps were developed by overlaying
the Resistance Prevalence graph of all drugs for each location over a map of the study sites.
A second series of categorical maps was produced showing the study site locations with
respective resistance and intermediate resistance to five individual drugs, CIP, ENO, C, D, and
TIC for sharks and redfish (Figures 4-11 through 4-20). Each of these drugs has an important
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role or impact on human population health and veterinary medicine. ENO is only used in
veterinary medicine but there is a potential for ENO resistance in poultry to increase CIP
resistance in humans, because of similarities in the molecular structures of both drugs.
Categorical maps were developed using a unique color hue scheme to represent the Gram-stain
specific organisms in each location that showed resistance or intermediate resistance to each of
the five drugs and a white hue to indicate sampling locations where no resistance was present.
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CHAPTER FOUR
RESULTS
4.1

Descriptions of Isolates, Sharks Collected, and Prevalence Patterns by Geographic
Location

4.1.1 Belize
Twelve viable bacteria were isolated from eight individual nurse sharks, G. cirratum, five
females (5/8, 63%) and three males (3/8, 37%), and tested for ABR from November 2001 (n=5
sharks, n=6 isolates) and May 2002 (n=3 sharks, n=6 isolates). Female sharks ranged from 140
to 170 cm in STL (W=0.898, df=5, p=0.387), with a mean length of 152 cm STL. Male sharks
ranged from 108 to 140 cm STL (K-S=0.385, df=3, p=NS), with a mean length of 129 cm (Table
4-1). All eight sharks were characterized as juvenile based on comparisons with published data
on nurse shark reproduction and biology (Castro 2000). Additionally, each animal was assigned
an estimated age based on length. Carrier and Luer (1990) demonstrated that sharks with a mean
STL of 140 cm to be age 6, based on growth rates of captive nurse sharks held in semi-natural
enclosures. All females in this study had an estimated age of six-plus, year with plus indicating
that some specimens in this study exceeded the size and age estimates of Carrier and Luer
(1990). Male #1 had an age estimate of four-plus, while males #2 and #3 both had an estimated
age of six-plus. Limited information is available on nurse shark age and growth and more
studies are needed to address this issue. For the purposes of this study, it is reasonable to state
that all animals were approximately the same age based on size.
Table 4-1.
Descriptive statistics for sharks with viable isolates sampled from Belize. All lengths are STL in
cm.
Species
Ginglymostoma cirratum

Sex

n

Female
Male

6
3

Min Length Max Length Mean Length Mode Length
140
108
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170
140

152
129

140
140

SD
11.7
18.5

Nine isolates were characterized as Gram-positive cocci (9/12, 75%), and three isolates
were characterized as Gram-negative rods (3/12, 25%). Total Resistance for bacteria from
Belize was 75% (9/12, 95% CI: 50.5-99.5). Multi-drug Resistance for bacteria from Belize was
41.7% (5/12, 95% CI: 13.8-69.6). Resistance Prevalence was present in both Gram-positive and
Gram-negative organisms for all drugs except for ENO and CTX, with prevalence to P the
highest in both groups (Gram-positive=55.6%, Gram-negative=66.7%)(Figure 4-1 A).
Resistance to XNL was tested for only a single Gram-negative isolate and found to be resistant.
A single Gram-positive isolate from Belize was resistant to CIP (1/9,11.1%). Intermediate
Resistance Prevalence for all Belize samples is presented in Figure 4-1 B. Intermediate
Resistance was found for both Gram-negative and Gram-positive isolates. Intermediate
Resistance was found for ENO in Gram-positive isolates and CTX in Gram-negative isolates.
Gram-positive cocci were the most common isolates from the Belize sharks in both
sampling periods (n=6, November 2001 and n=3, May 2002). Although fewer Gram-negative
isolates were collected (n=3, May 2002), they showed higher Resistance Prevalence and
Intermediate Resistance Prevalence to all drugs tested (Figure 4-1 A and B). The distribution of
isolate types by Gram stain and gender of specimen cultured is presented in Table 4-2.

Table 4-2
Distribution of bacterial isolates by Gram stain characteristic from sharks by gender in Belize.

Gram Stain Characterisitic
Gram-positive cocci
Gram-negative rods
TOTAL

Ginglymostoma cirratum
Female
Male
7
2
2
1
9
3
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RESISTANCE

A
1
0.9
0.8
0.7

Prevalence

0.6
0.5

Gram-negative rods
(n=3)

0.4

Gram-positive Cocci
(n=9)

0.3
0.2
0.1
0
GM

P

AN

PIP

CIP

C

D

SXT

CAZ

ENO

CTX

TIC

XNL*

Antibiotic Drug

INTERMEDIATE RESISTANCE

B
1
0.9
0.8

Prevalence

0.7
0.6
0.5

Gram-negative Rods
(n=3)

0.4

Gram-positive Cocci
(n=9)

0.3
0.2
0.1
0
GM

AN

PIP

CIP

C

D

SXT

CAZ

ENO

CTX

TIC

XNL

Antibiotic Drug

Figure 4-1. A. Resistance Prevalence for bacterial isolates by Gram-stain characteristics for
sharks from Belize. *XNL was tested for a single Gram-negative isolate. B. Intermediate
Resistance Prevalence for bacterial isolates by Gram-stain characteristics for sharks from Belize.
Error bars represent the 95% Standard Error for each isolate group.
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4.1.2

Florida Keys
Twenty-nine viable bacteria were isolated from seven nurse sharks, G. cirratum, from the

Florida Keys from May 2002 (n=4 sharks, n=22 isolates) and January 2003 (n=3 sharks, n=7
isolates). One shark was female and the remaining six were male. The female was 142 cm STL
and had an estimated age of 6-plus (Carrier and Luer 1990). The males ranged from 116 cm to
150 cm (W=0.757, df=6, p=0.03), with a median STL of 143 cm. Males estimated ages ranged
from 4-plus to 6-plus (Carrier and Luer 1990) (Table 4-3).
Six of the bacteria from Florida were Gram-positive cocci (6/29, 21%). Nineteen of the
isolates were Gram-negative rods (19/29, 65%). Four Gram-positive rods were isolated (4/29,
14%). The distribution of isolates by Gram stain characteristic and specimen gender is presented
in Table 4-4. Total Resistance for bacteria from the Florida Keys was 86.2% (25/29, 95% CI:
73.6-98.8). Multi-drug Resistance for bacteria from the Florida Keys was 58.6% (17/29, 95%
CI: 40.7-76.5). Gram-positive cocci showed highest Resistance Prevalence to P (100%), PIP
(50%), C (50%), and TIC (50%). Gram-negative rods showed highest Resistance Prevalence to
P (73.7%) and SXT (21.1%). Gram-negative rods were the only isolates in the Florida Keys to
show resistance to CIP (1/19, 5.3%). Gram-positive rods had highest Resistance Prevalence to P
(75%). The second highest Resistance Prevalence for Gram-positive rods was equal between
AN (25%), D (25%), CAZ (25%), and CTX (25%). Intermediate Resistance Prevalence was
found in all three isolate groups, with SXT highest in Gram-positive cocci, TIC highest in Gramnegative rods, and TIC, CTX, D, and C having equal Intermediate Resistance Prevalence in
Gram-positive rods. Gram-negative rods did show intermediate resistance to ENO in the Florida
Keys. Figure 4-2 summarizes the Resistance Prevalence (A) and Intermediate Resistance (B)
Prevalence for all drugs tested.
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Table 4-3
Descriptive statistics for sharks with viable isolates from the Florida Keys. All lengths are STL
in cm.
Species
Ginglymostoma cirratum

Sex

n

Female
Male

1
6

Min Length Max Length Mean Length Mode Length
--116

142
150

--136

--150

SD
--16.4

Table 4-4
Distribution of bacterial isolates by Gram stain characteristic and specimen gender sampled.
Gram Stain Characterisitic
Gram-positive cocci
Gram-negative rods
Gram-positive rods
TOTAL

Ginglymostoma cirratum
Female
Male
0
6
1
18
1
3
2
27
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RESISTANCE

A
1
0.9
0.8

Prevalence

0.7
0.6

Gram - rods (n=19)
Gram + Cocci (n=6)

0.5

Gram + Rods (n=4)
0.4
0.3
0.2
0.1
0
GM

P

AN

PIP

CIP

C

D

SXT

CAZ

ENO

CTX

TIC

Antibiotic Drug
INTERMEDIATE RESISTANCE

B
1
0.9
0.8

Prevalence

0.7
0.6
Gram - rods (n=19)

0.5

Gram + Cocci (n=6)

0.4

Gram + Rods (n=4)

0.3
0.2
0.1
0
GM

AN

PIP

CIP

C

D

SXT

CAZ

ENO

CTX

TIC

Antibiotic Drug

Figure 4-2. A. Resistance Prevalence for bacterial isolates by Gram-stain characteristics for
sharks from the Florida Keys. B. Intermediate Prevalence for bacterial isolates for sharks from
the Florida Keys. Error bars represent the 95% Standard Error for each isolate group.

51

4.1.3

Louisiana Coastal
Fifty viable bacteria were isolated from 32 sharks in Louisiana coastal waters from April

to September of 2002. Forty-five isolates were collected from 28 bull sharks, C. leucas (45/50,
90%), four isolates were collected from three blacktip sharks, C. limbatus (4/50, 8%), and one
isolate was collected from a lemon shark, Negraprion brevirostris (1/50, 2%). Ten female bull
sharks were sampled with FL ranging from 65 cm to 139 cm (W=0.918, df=10, p=0.384), with a
mean of 112 cm. Sixteen male bull sharks were sampled with FL ranging from 79 cm to 139 cm
(W=0.877, df=16, p=0.038), with a median of 97 cm FL. Two female blacktip sharks were
sampled, with FL of 64 cm and 70 cm, and a single male blacktip was sampled with a 68 cm FL.
A single female lemon shark was sampled with a 111 cm FL. Table 4-5 summarizes the
distribution of species sampled in Louisiana coastal waters.
Table 4-6 summarizes the distribution of bacterial isolates from coastal Louisiana by
Gram-stain characteristics for each species and gender. Total Resistance for bacteria from
coastal Louisiana was 62% (31/50, 95% CI: 48.5-75.6). Multi-drug Resistance for bacteria from
coastal Louisiana was 26% (13/50, 95% CI: 13.8-38.2). Coastal Louisiana Resistance
Prevalence was highest for P in both Gram-positive cocci (45.5%) and Gram-negative rod (69%)
isolate groups. Gram-positive cocci had the second highest Resistance Prevalence to CAZ
(9.1%). Gram-negative rods had the second highest Resistance Prevalence to SXT (17.2%).
Gram-positive rods showed equal Resistance Prevalence to GM (14.3%), P (14.3%), PIP
(14.3%), CIP (14.3%), C (14.3%), SXT (14.3%), and TIC (14.3%). Gram-positive rods did
show resistance to CIP in Louisiana coastal waters. Intermediate Resistance Prevalence was
highest for CIP in Gram-positive cocci, CTX in Gram-negative rods, and equally high for CIP
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and C in Gram-positive rods. Figure 4-3 A and B show the Resistance and Intermediate
Resistance Prevalence rates for each drug for all coastal Louisiana isolates.

Table 4-5
Descriptive statistics for shark species sampled in Louisiana coastal waters. All lengths are FL
in cm.
Species
Carcharhinus leucas

Sex

n

Min Length Max Length Mean Length Mode Length

SD

Female
Male
N/A

10
16
2

65
79
92

139
139
97

112
100
---

96
109
---

23.9
17.9
---

Female
Male

2
1

64
---

70
68

-----

-----

-----

Female

1

---

111

---

---

---

Carcharhinus limbatus

Negaprion brevirostris

Table 4-6
Distribution of isolates by Gram stain characteristics, shark species, and gender for coastal
Louisiana. F=Female, M=Male, NA=Not Available

Gram Stain Characterisitic
Gram-positive cocci
Gram-negative rods
Gram-positive rods
Gram-negative cocci
TOTAL

Species (F/M/NA)
C. leucas
C. limbatus N.
2/8/--0/1/--11/14/2
3/0/--2/5/--0/0/--0/1/--0/0/--15/28/2
3/1/---
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brevirostris
1/---/--0/---/--0/---/--0/---/--1/---/---

A

RESISTANCE

A
1
0.9

Prevalence

0.8
0.7
0.6

Gram - rods (n=27)

0.5

Gram + cocci (n=12)
Gram + rods (n=7)

0.4
0.3
0.2
0.1
0
GM

P

AN

PIP

CIP

C

D

SXT

CAZ

ENO

CTX

TIC

Antibiotic Drug

INTERMEDIATE RESISTANCE

B
1
0.9

Prevalence

0.8
0.7
0.6

Gram - Rods (n=27)

0.5

Gram + Cocci (n=12)
Gram + Rods (n=7)

0.4
0.3
0.2
0.1
0
GM

AN

PIP

CIP

C

D

SXT

CAZ

ENO

CTX

TIC

Antibiotic Drug

Figure 4-3. A. Resistance Prevalence for bacterial isolates by Gram-stain characteristics for
sharks from coastal Louisiana. B. Intermediate Prevalence for bacterial isolates for sharks from
coastal Louisiana. Error bars represent the 95% Standard Error for each isolate group.
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4.1.4

Louisiana Offshore, Sharks
Twenty-three bacteria were isolated from two female spinner sharks, Carcharhinus

brevipinna, four male spinner sharks, and one adult female blacktip shark, Carcharhinus
limbatus from the offshore waters of Louisiana from July 2002 to November 2002. Five isolates
were collected from two female spinner sharks and one female blacktip shark (5/23, 21.7%) from
approximately 35 km southwest of the Mississippi River. The female spinner sharks were 82
and 167 cm FL, respectively. The smallest female was estimated to be a yearling animal,
probably born in the early spring of 2002, based on the presence of an umbilical scar. The large
female spinner was probably a mature animal. Compagno (1984) reported sexual maturity at
greater than 170 cm TL for female spinner sharks. The female blacktip was an adult animal.
Compagno (1984) reports female blacktip maturity at 120-190 cm. Eighteen isolates were
collected from four male spinner sharks (18/23, 78.3%) at an oilrig approximately 10 km from
shore (Figure 3-5). All male spinner sharks were approximately 60 cm in FL and assigned an
age of zero, based on the presence of a healing umbilical scar (Neer et al. 2003). The descriptive
statistics for the sharks collected offshore are summarized in Table 4-7. The distribution of
isolates by Gram stain characteristics and specimen gender are listed in Table 4-8.
Total Resistance for bacteria from Louisiana offshore sharks was 52% (12/23, 95% CI:
31.6-72.4). Multi-drug Resistance for bacteria from Louisiana offshore sharks was 26.1% (6/23,
95% CI: 8.2-44.0). Drug resistance was only prevalent in Gram-negative rods in the Louisiana
offshore waters. XNL showed the highest Resistance Prevalence (100%), with P showing the
second highest Resistance Prevalence (64.7%). Gram-positive cocci showed no resistance to any
drug, including P. A single Gram-negative cocci was isolated from a male spinner shark and
tested positive for resistance to XNL and P, with intermediate resistance to CTX. No Gram-
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positive rods were isolated from samples collected in offshore waters. Intermediate Resistance
Prevalence was reported in Gram-positive cocci and Gram-negative rods, with ENO and CTX
the highest for each respectively. Intermediate resistance was positive for CIP in Gram-positive
isolates, but not for Gram-negatives. Figure 4-4 A and B summarize the Resistance Prevalence
and Intermediate Resistance Prevalence for sharks from Louisiana offshore waters.

Table 4-7
Descriptive statistics for sharks collected from Louisiana offshore waters. Lengths are FL in cm.
Species
Carcharhinus brevipinna

Sex

n

Min Length Max Length Mean Length Mode Length

SD

Female
Male

2
4

82
86

167
86

-----

-----

-----

Female
Male

1
---

-----

183
---

-----

-----

-----

Carcharhinus limbatus

Table 4-8
Distribution of bacterial isolates by Gram stain characteristic and shark species by gender.
F=female and M=male
Species (F/M)
Gram Stain Characterisitic C. brevipinna C. limbatus
Gram-positive cocci
1/5
---/--Gram-negative rods
3/12
1/--Gram-negative cocci
0/1
---/--4/18
1/--TOTAL
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RESISTANCE

A
1
0.9
0.8

Prevalence

0.7
0.6
Gram - Rods (n=16)

0.5

Gram + Cocci (n=6)

0.4
0.3
0.2
0.1
0
GM

P

AN

PIP

CIP

C

D

SXT

CAZ

ENO

CTX

TIC

XNL

Antibiotic Drug

INTERMEDIATE RESISTANCE

B
1
0.9
0.8

Prevalence

0.7
0.6
Gram - Rods (n=16)

0.5

Gram + Cocci (n=6)

0.4
0.3
0.2
0.1
0
GM

AN

PIP

CIP

C

D

SXT

CAZ

ENO

CTX

TIC

XNL

Antibiotic Drug

Figure 4-4. A. Resistance Prevalence for bacterial isolates by Gram-stain characteristics for
sharks from Louisiana offshore waters. B. Intermediate Prevalence for bacterial isolates for
sharks from Louisiana offshore waters. Error bars represent the 95% Standard Error for each
isolate group.
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4.1.5

Louisiana Offshore, Redfish
Twelve viable bacteria were isolated from seven adult redfish, Sciaenops ocellata,

collected at an oilrig in the offshore waters of Louisiana on 29 November 2002. Redfish
specimens ranged from 80 cm to 105 cm SL (W=0.563, df=7, p=0.01), with a median length of
105 cm SL. Gender was not recorded from the fish because they are not sexually dimorphic.
Table 4-9 summarizes the length statistics for redfish. Four of the isolates collected were Grampositive cocci (4/12, 33%), five isolates were Gram-negative rods (5/12, 42%), and three isolates
were Gram-positive rods (3/12, 25%). Total Resistance for bacteria from redfish collected in
Louisiana was 91.7% (11/12, 95% CI: 76.1-100). Multi-drug Resistance for bacteria from
redfish was 41.7% (5/12, 95% CI: 13.8-69.6). All three isolate groups demonstrated highest
Resistance Prevalence to P (Gram-positive cocci=100%, Gram-negative rods=40%, Grampositive rods=100%). Gram-positive cocci had the second highest Resistance Prevalence to D
(66.7%), Gram-negative rods showed second highest resistance to CAZ (25%), while the second
highest resistance in Gram-positive rods was equal among TIC (33.3%), CTX (33.3%), and CAZ
(33.3%). TIC was the only drug positive for intermediate resistance in all three isolate groups.
Figure 4-5 A and B summarize the Resistance Prevalence and Intermediate Resistance
Prevalence for Louisiana redfish.

Table 4-9
Descriptive length statistics for redfish from Louisiana offshore waters. Lengths are in cm SL.
Species
Sciaenops ocellata

n
7

Min Length Max Length
80

105
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Mean Length

Mode Length

SD

100

105

9.3

RESISTANCE

A
1
0.9
0.8

Prevalence

0.7
0.6
Gram - Rods (n=5)

0.5

Gram + Cocci (n=4)
Gram + Rods (n=3)

0.4
0.3
0.2
0.1
0
GM

P

AN

PIP

CIP

C

D

SXT

CAZ

ENO

CTX

TIC

Antibiotic Drug

INTERMEDIATE RESISTANCE

B
1
0.9
0.8

Prevalence

0.7
0.6
Gram - Rods (n=5)

0.5

Gram + Cocci (n=4)
Gram + Rods (n=3)

0.4
0.3
0.2
0.1
0
GM

AN

PIP

CIP

C

D

SXT

CAZ

ENO

CTX

TIC

Antibiotic Drug

Figure 4-5. A. Resistance Prevalence for bacterial isolates by Gram-stain characteristics for
redfish from Louisiana offshore waters. B. Intermediate Prevalence for bacterial isolates for
redfish from Louisiana offshore waters. Error bars represent the 95% Standard Error for each
isolate group.
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4.1.6 Massachusetts
Eight bacterial isolates were collected from three smooth dogfish, Mustelus canis, in
Vineyard Haven Harbor on 25 September 2002. Five bacterial isolates were collected from two
mature female dogfish. Female #1 was determined to be mature by size (FL=104 cm).
Compagno (1984) reports maturity in female smooth dogfish at approximately 90 cm TL.
Female #2 was considered mature when the animal aborted three pups while in captivity. Three
bacterial isolates were collected from a single male smooth dogfish with a FL of 71 cm.
Compagno (1984) reports male maturity for smooth dogfish at approximately 82 cm TL. No
Gram-positive rods were isolated from the dogfish in this study. Table 4-10 summarizes the
distribution of isolate groups by Gram stain characteristics and specimen gender.
One viable Gram-positive isolate was tested for ABR from a single female dogfish. The
Gram-positive isolate was resistant to P. Total Resistance in Massachusetts was 87.5% (7/8,
95% CI: 64.6-100). Multi-drug resistance was 12.5% (1/8, 95% CI: 0-34.5). Gram-negative
rods tested positive for resistance to P, C, and XNL. Intermediate Resistance Prevalence was
positive for PIP in the Gram-positive cocci and positive for PIP, SXT, CTX, TIC, and XNL in
Gram-negative isolates. Figure 4-6 summarizes the Resistance Prevalence and Intermediate
Prevalence for all samples from Massachusetts.

Table 4-10
Distribution of isolates from smooth dogfish from Massachusetts by Gram stain characteristics
and specimen gender.
Mustelus canis
Female
Male
1
0
4
3
5
3

Gram Stain Characterisitic
Gram-positive cocci
Gram-negative rods
TOTAL
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A

A

RESISTANCE

1
0.9
0.8

Prevalence

0.7
0.6
0.5

Gram - Rod (n=7)
Gram + Cocci (n=1)

0.4
0.3
0.2
0.1
0
GM

P

AN

PIP

CIP

C

D

SXT

CAZ

ENO

CTX

TIC

XNL

Antibiotic Drug

INTERMEDIATE RESISTANCE

B
1
0.9

Prevalence

0.8
0.7
0.6
Gram - Rod (n=7)

0.5

Gram + Cocci (n=1)

0.4
0.3
0.2
0.1
0
GM

AN

PIP

CIP

C

D

SXT

CAZ

ENO

CTX

TIC

XNL

Antibiotic Drug

Figure 4-6. A. Resistance Prevalence for bacterial isolates by Gram-stain characteristics for
dogfish from Massachusetts. B. Intermediate Prevalence for bacterial isolates for dogfish from
Massachusetts. Error bars represent the 95% Standard Error for each isolate group.
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4.2

Statistical Analyses
Statistical results for all four stated hypotheses are presented in Table 4-11. There was no

significant difference between Resistance Prevalence rates in Louisiana Inshore Sharks vs.
Louisiana Offshore Sharks (χ2= 2.0519, df=1, p=0.152, Power=0.29). Power for this test was
extremely low, suggesting that the risk is high for a Type II error. A Fisher’s Exact test was used
to test for differences in all isolates between Louisiana spinner sharks and redfish and a
significant difference was found (p=0.0016, df=1, Power=0.89). Pearson’s Chi-square was used
to test for Resistance Prevalence differences between male and female bull sharks in Louisiana
coastal waters and no significant difference was found (χ2=0.0068, df=1, p=0.9343,
Power=0.05). A sample size of 2,700 isolates from each population would be required to detect
a difference as small as the one reported in this sample population. A Fisher’s Exact test was
used to test for differences in Resistance Prevalence between nurse sharks in Belize and Florida
(p=0.3407, Power=0.1). No significant difference was found, but a sample size estimate of an
addition 100 samples from each site would be needed to test for significance. The overall
robustness of the dataset in this study is too low to test statistically. Therefore, geographic
comparisons of prevalence rates were used to describe patterns of ABR in sharks.
Table 4-11
Statistical results for four hypotheses used to test for differences in ABR prevalence.
** Statistically significant at α=0.01
Examination

Statistical Test

Louisiana:
Louisiana Inshore vs. Offshore Pearson's Chi-square
Louisiana Spinners vs. Redfish

df

p-Value

Sample Size (n1/n2)

Sample Size Needed (n1/n2)

Power

Error Type

2.0519

1

0.152

50/23

94/94

0.29

II

0.0016**

23/12

14/14

0.89

N/A

0.9343

28/15

2726/2726

0.05

II

0.3407

28/12

126/126

0.1

II

Fisher's Exact

Bull Shark: Males vs. Females Pearson's Chi-square
Florida vs. Belize:
nurse sharks vs. nurse sharks

Value

Fisher's Exact

0.0068

1
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4.3

Geographic Comparisons of Total Resistance
Total Resistance was calculated as the total number of isolates with resistance to at least

one drug divided by the total number of isolates from the study area. Total Resistance can be
compared spatially since Total Resistance for each population is calculated as a ratio with the
total sample population in the denominator. Therefore, the sample population for each group
normalizes Total Resistance in each population. Despite the variability in sample populations
between locations, relative differences can be mapped and described. Visual comparisons can be
made by mapping the total number of resistant isolates relative to the total number of isolates for
each location. Figure 4-7 shows the spatial distribution of Total Resistance pattern for the six
study sites. When Total Resistance is mapped with the inclusion of all isolates and all drugs, it is
difficult to determine if any differences are present in the data, which may be masked by the
widespread resistance to P. To visually evaluate potential spatial differences in the data, P was
excluded from the geographic analysis. Resistance to P is both common and expected. P is the
oldest antibiotic in use, is ubiquitous in nature, and is most effective against Gram-positive cocci.
Gram-negative rods therefore, may have intrinsic resistance to P. Intrinsic resistance may mask
patterns of resistance that are simply attributed to intrinsic factors. Figure 4-8 shows the spatial
distribution of Total Resistance excluding P. Total Resistance had the greatest effect on the
Massachusetts site, where Total Resistance dropped from 87.5% to 12.5%, a total decrease of
75%. Louisiana offshore spinner sharks showed the second highest decrease in Total Resistance
when P was excluded, from 52% to 21.7%, a total decrease of 30.3%. Subsequent decreases in
Total Resistance once P was excluded were Louisiana coastal (62% to 34 %), Florida Keys
(86.2% to 58.6%), Louisiana Redfish and Belize nurse sharks both showed a decrease of 25%,
once P was removed.
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Multi-drug resistance was also mapped to visualize potential spatial differences in ABR
(Figure 4-9). Multi-drug resistance was the ratio of the total number of isolates resistant to more
than one drug divided by the total number of isolates for that sample population. There was little
difference in Total Resistance without P and Multi-drug Resistance (Figure 4-8 and Figure 4-9).
In order to determine potential spatially explicit differences at the individual drug level
between study sites, maps were developed to visually compare prevalence rates for each
location. Figure 4-10 shows the Resistance Prevalence at each study site where sharks were
collected in relation to Resistance Prevalence of all other sites. In all study sites, P showed the
highest Resistance Prevalence. Florida was the only study site that tested positive for drug
resistance to all drugs. The Louisiana Coastal population showed resistance to all drugs, except
for AN and CTX. Belize also showed resistance to all drugs, except for ENO and CTX. The
Louisiana offshore spinner sharks had the least resistance in Louisiana samples (Figure 4-X), and
were not resistant to AN, PIP, CIP, CAZ, or ENO. Massachusetts showed the least resistance to
all drugs. Resistance was positive for P, C, and XNL. No other drugs tested positive for
resistance in the Massachusetts bacterial isolates.
Gram-negative resistance was found in all locations. Florida had the highest Gramnegative resistance for the drugs tested. It was the only location that had Gram-negative
resistance to GM. ENO was the only drug in FL with no Gram-negative resistance. In
comparison, Belize had no Gram-negative resistance to GM, CIP, C, D, or CAZ. Louisiana
coastal sharks had Gram-negative resistance to P, C, D, SXT, ENO, and TIC. Louisiana was the
only study site with Gram-negative resistance to ENO. Louisiana offshore sharks showed
resistance to P, C, D, SXT, CTX, TIC, and XNL. Resistance Prevalence to P was nearly equal in
Louisiana inshore and offshore populations for Gram-negative isolates, 69% and 65%
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respectively. Gram-negative Resistance Prevalence to P for Belize, Florida, and Massachusetts
were 67%, 74%, and 88% respectively. Massachusetts showed the highest Gram-negative
resistance to P overall, 100%. Gram-negative resistance to other, more broad-spectrum drugs
that target Gram-negative isolates were more variable between the populations sampled.

Figure 4-7. Map of Total Resistance for all samples collected. Total Resistance is defined as
positive resistance to any of the 13 total drugs tested in this study. 1=Belize, 2=Florida Keys,
3=Louisiana coastal, 4=Louisiana offshore, sharks, 5= Louisiana offshore, Redfish,
6=Massachusetts
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Figure 4-8. Map of Total Resistance Prevalence excluding P for all samples collected.
Total Resistance is defined as positive resistance to any of the 13 total drugs tested in this
study. 1=Belize, 2=Florida Keys, 3=Louisiana coastal, 4=Louisiana offshore, sharks, 5=
Louisiana offshore, Redfish, 6=Massachusetts.
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Figure 4-9. Map of Multi-Drug Resistance for all samples collected. Multi-drug Resistance is
defined as positive resistance to more than one of the 13 total drugs tested in this study.
1=Belize, 2=Florida Keys, 3=Louisiana coastal, 4=Louisiana offshore, sharks, 5= Louisiana
offshore, Redfish, 6=Massachusetts
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Figure 4-10. Map of Resistance Prevalence for all drugs tested.

4.3.1

Spatial Distribution of Ciprofloxacin Resistance
Ciprofloxacin (CIP) is a powerful broad-spectrum fluoroquinolone antibiotic. The

Institute for Agriculture and Trade Policy (2003) suggests that the use of enrofloxacin, a similar
fluoroquinolone specific to veterinary medicine, in poultry can lead to CIP resistance. There is
no CIP use in other agricultural species, and domestic veterinary use is minimal (Mitchell, Pers.
Comm2.). CIP resistance was found in marine top-level predators. CIP resistance was present in
one Gram-positive cocci in Belize (1/12, 8.3%, 95% CI:0-23.9), one Gram-negative rod in the
Florida Keys (1/29, 3.4%, 95% CI:0-43.9), and one Gram-positive rod in the Louisiana coastal
sharks (1/50, 2.0%, 95% CI:0-5.8). Figure 4-11 shows the distribution of CIP resistance by
study site.
Intermediate resistance to CIP was not found in all locations with positive resistance.
Belize and the Florida Keys sharks did not test positive for any intermediate resistance to CIP.
Louisiana coastal sharks tested positive for intermediate resistance to CIP in both Gram-positive
cocci and Gram-positive rods, but did not test positive for intermediate resistance in Gramnegative rods. Louisiana offshore spinner sharks tested positive for intermediate CIP resistance
in Gram-positive cocci, but not Gram-negative rods. Louisiana offshore redfish had no positive
intermediate resistance to CIP, nor did the Massachusetts samples. Figure 4-12 shows the
distribution of intermediate resistance to CIP for all study sites.
4.3.2

Spatial Distribution of Enrofloxacin Resistance
Enrofloxacin (ENO) is a broad-spectrum fluoroquinolone used only in veterinary

medicine. This antibiotic is used to manage bacterial infections in domestic pets and in domestic
poultry operations. Resistance to ENO was more limited than CIP in this study. ENO resistance
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was only positive in one Gram-negative rod from coastal Louisiana sharks (1/50=2%, 95% CI: 05.8) (Figure 4-13). No other isolates from any study site tested positive for resistance to ENO.
Intermediate resistance to ENO was more wide spread than full resistance. One Gramnegative isolate from Belize tested positive for intermediate resistance out of all total isolates in
Belize (1/12, 8.3%, 95% CI:0-23.9). One Gram-negative rod from the Florida Keys tested
positive for intermediate resistance (1/29, 3.4%, 95% CI:0-43.9). Louisiana coastal sharks had
three Gram-negative isolates out of all 50 samples test positive for intermediate resistance (3/50,
6%, 95% CI: 0-12.6), and three Gram-positive cocci test positive (3/50, 6%, 95% CI: 0-12.6).
Louisiana offshore sharks tested positive for intermediate resistance to ENO in two Gramnegative rods (2/23, 8.7%, 95% CI: 0-20.2) and one Gram-positive cocci (1/23, 4.3%, 95% CI: 012.6). No intermediate resistance was recorded in Louisiana redfish or Massachusetts sharks.
Figure 4-14 shows the distribution of ENO intermediate resistance.
4.3.3

Spatial Distribution of Doxycycline Resistance
Doxycycline (D) is a broad-spectrum antibiotic in the tetracycline drug class that is

widely used in human and veterinary medicine. One Gram-negative rod from Belize was
resistant to D (1/12, 8.3%, 95% CI:0-23.9). The Florida Keys sharks had D resistance in two
Gram-negative isolates (2/29, 6.9%, 95% CI: 0-16.1), two Gram-positive cocci (2/29, 6.9%, 95%
CI: 0-16.1), and one Gram-positive rod (1/29, 3.4%, 95% CI: 0-11.0). Louisiana coastal sharks
had positive D resistance in two Gram-negative rods (2/50, 4% 95% CI:0-9.4), one Gramnegative cocci (1/50, 2.0%, 95% CI:0-5.8), and one Gram-positive rod (1/50, 2.0%, 95% CI:05.8). Louisiana spinner sharks had one Gram-negative with D resistance (1/23, 4.3%, 95% CI: 012.6). Louisiana redfish had three Gram-positive cocci with D resistance (3/12, 25%, 95% CI:
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0.5-49.5). Massachusetts did not test positive for D resistance. Figure 4-14 shows the spatial
distribution of D resistance by study site.
Intermediate resistance was positive for all three isolate types in the Florida Keys, and
positive for Gram-negative rods in Louisiana offshore spinner sharks. There was no intermediate
resistance for D in Belize, Louisiana coastal sharks or redfish, or in Massachusetts. Figure 4-16
shows the spatial distribution of D intermediate resistance by study site.
4.3.4

Spatial Distribution of Chloramphenicol Resistance
Chloramphenicol (C) is a broad-spectrum synthetic antibiotic belonging to its own drug

class. C is widely used in both human and veterinary medicine. Resistance to C was found in all
study sites. Belize tested positive for C resistance with one Gram-negative rod (1/12, 8.3%, 95%
CI:0-23.9) and one Gram-positive cocci (1/12, 8.3%, 95% CI:0-23.9). The Florida Keys sharks
tested positive with one Gram-negative rod (1/29, 3.4%, 95% CI: 0-11.0) and two Gram-positive
cocci (2/29, 6.9%, 95% CI: 0-16.1). No Gram-positive rods tested positive for C resistance in
the Florida Keys population. Four Gram-negative rods (4/50, 8.0%, 95% CI: 0.5-15.5) and one
Gram-positive rod (1/50, 2.0%, 95% CI:0-5.8) tested positive for C resistance in the Louisiana
coastal population. Four Gram-negative rods (4/23, 17.4%, 95% CI: 1.9-32.9) tested positive for
C resistance in the Louisiana offshore population of spinner sharks. No Gram-negative rods
tested positive for C resistance in the Louisiana offshore sharks. One Gram-negative rod (1/12,
8.3%, 95% CI:0-23.9) was positive for C resistance in Louisiana offshore redfish. One Gramnegative rod was positive for C resistance in Massachusetts (1/8, 12.5%, 95% CI:0-35.4). Figure
4-17 shows the spatial distribution of C resistance for all study sites.
Intermediate resistance to C was negative in Belize. One Gram-negative rod was positive
(1/12, 8.3%, 95% CI:0-23.9) and one Gram-positive rod was positive (1/12, 8.3%, 95% CI:0-
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23.9) in the Florida Keys. Two Gram-negative rods (2/50, 4% 95% CI:0-9.4) and two Grampositive rods (2/50, 4% 95% CI:0-9.4) were positive for intermediate resistance to C in Louisiana
coastal waters. Two Gram-negative rods (2/23, 8.7%, 95% CI: 0-20.2) were positive in
Louisiana offshore sharks. There was no positive intermediate resistance to C in either the
Louisiana redfish sampled of the Massachusetts dogfish sampled. Figure 4-18 shows the spatial
distribution of intermediate resistance for all study sites.
4.3.5

Spatial Distribution of Ticarcillin Resistance
Ticarcillin (TIC) is a broad-spectrum, semi-synthetic, third-generation β-Lactam that is

widely used in both human and veterinary medicine. Two Gram-negative rods (2/12, 16.7%,
95% CI: 0-37.8) and two Gram-positive cocci (2/12, 16.7%, 95% CI: 0-37.8) were resistant to
TIC in Belize. Two Gram-negative rods (2/29, 6.9%, 95% CI: 0-16.1) and two Gram-positive
cocci (2/29, 6.9%, 95% CI: 0-16.1) were TIC positive in the Florida Keys. Three Gram-negative
rods (3/50, 6%, 95% CI: 0-12.7), one Gram-positive cocci (1/50, 2.0%, 95% CI:0-5.8), and one
Gram-positive rod (1/50, 2.0%, 95% CI:0-5.8) were resistant to TIC in Louisiana coastal sharks.
One Gram-negative rod (1/23, 4.3%, 95% CI: 0-12.6) was positive for TIC resistance in
Louisiana spinner sharks. One Gram-positive rod (1/12, 8.3%, 95% CI:0-23.9) and one Grampositive rod (1/12, 8.3%, 95% CI:0-23.9) were positive for TIC in Louisiana Redfish. No
isolates from Massachusetts tested positive for TIC in this study. Figure 4-19 shows the spatial
distribution of TIC resistance for all study sites.
Intermediate resistance to TIC was recorded in the Florida Keys, the Louisiana offshore
sharks, Louisiana offshore redfish, and in Massachusetts. Four Gram-negative rods (4/29,
13.8%, 95% CI: 1.2-26.4) and one Gram-positive rod (1/29, 3.4%, 95% CI: 0-11.0) were positive
for intermediate resistance to TIC in the Florida Keys. One Gram-negative rod (1/23, 4.3%, 95%
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CI: 0-12.6) was positive for intermediate TIC resistance in Louisiana offshore sharks. One
Gram-negative rod (1/12, 8.3%, 95% CI:0-23.9), one Gram-positive cocci (1/12, 8.3%, 95%
CI:0-23.9), and one Gram-positive rod were intermediate TIC resistant in Louisiana redfish.
Two Gram-negative rods (2/8, 25%, 95% CI: 0-55.0) were positive in Massachusetts. Figure 420 shows the spatial distribution of TIC intermediate resistance for all study sites.
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Figure 4-11. Spatial distribution of CIP resistance by isolate type for all study sites.

Figure 4-12. Spatial distribution of CIP intermediate resistance by isolate type for all study
sites.

74

Figure 4-13. Spatial distribution of ENO resistance by isolate type for all study sites.

Figure 4-14. Spatial distribution of ENO intermediate resistance by isolate type for all study
sites.
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Figure 4-15. Spatial distribution of D resistance by isolate type for all study sites.

Figure 4-16. Spatial distribution of D intermediate resistance by isolate type for all study sites.
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Figure 4-17. Spatial distribution of C resistance by isolate type for all study sites.

Figure 4-18. Spatial distribution of C intermediate resistance by isolate type for all study sites.
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Figure 4-19. Spatial distribution of TIC resistance by isolate type for all study sites.

Figure 4-20. Spatial distribution of TIC intermediate resistance by isolate type for all study
sites.
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CHAPTER FIVE
DISCUSSION
5.1

ABR in Top-Level Marine Predators
The overall objective of this study was to determine if ABR was present in marine

predatory fishes and if predatory fishes can serve as sentinels for ABR surveillance.
Secondarily, the aims of the study were to develop spatially explicit baseline data on ABR
patterns in the marine environment and develop the infrastructure for detailed longitudinal
studies to determine the mechanisms for resistance in bacteria present in marine predators.
ABR was present in all populations of top-level marine predators examined in this study.
The presence of ABR in both elasmobranchs and teleosts was consistent with the findings of
previous studies on marine fishes. Lunestad (1991) found that antibiotic residues were present in
the tissues of marine fishes tested within 400 meters of an experimental aquaculture pen where
antibiotics were being administered through fish feed. These residues may provide selection
pressures needed to evolve resistant bacteria in the environment. Likewise, Lunestad (1991) also
reported the presence of antibiotic residues in crabs and smaller teleosts that may be predated
upon by elasmobranchs. Miranda and Zemelman (2001) found ABR bacteria in Mustelus mento,
a shark species, and several teleost species in Concepción Bay, Chile. Results from Miranda and
Zemelman (2001) suggest that ABR is present in both demersal and pelagic food webs for both
teleosts and elasmobranchs in parts of South America.
Prevalence rates are not reported in the prior two studies, but the prevalence rates
reported in this study are likely underestimates of true prevalence rates, as they are based on
single cloacal samples (Mitchell 2001) and represent relatively small sample populations.
Though no published literature is available on bacterial shedding in elasmobranchs, research
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performed on reptiles suggests that repeated samplings are required to establish the actual
presence of specific bacteria or infection (Burnham et al. 1998). There is no way to quantify the
status of ABR in the fish sampled in this study immediately before or after the sampling periods
selected.
Overall, the Florida Keys and Massachusetts had the highest Total Prevalence rates of
shark populations sampled, 86.2% and 87.5% respectively. Louisiana offshore sharks had the
lowest Total Prevalence with 52%. Belize showed 75% Total Resistance and Louisiana coastal
sharks had 62% Total Resistance. Redfish showed the highest prevalence rates of all fish
sampled with 91.7%.
5.2

Evaluating Intrinsic Resistance
It is useful to remove potential factors that may mask trends in the data set. One

important factor that must be discussed is the relevance of intrinsic resistance. Overall Total
Prevalence rates may be high due to intrinsic resistance at the bacterial level. Total Resistance is
calculated as the total number of isolates with resistance to at least one drug. As was discussed
in Chapter two, antibiotic drugs target specific cell structures. In most cases, we can distinguish
which drugs are most effective based on the Gram-stain characteristics of the target bacteria.
Penicillin is a drug that targets Gram-positive bacteria. Resistance to Penicillin would be
expected in Gram-negative bacteria because of the difference in cell wall structure. Penicillin is
also the oldest antibiotic drug in use and a product of a naturally occurring substance,
Penicillium mold, which is ubiquitous in nature (Garrett 1995). Resistance to penicillin has been
documented in the medical community since shortly after its introduction in 1944 (Garrett 1995).
Given the rapid generation time of bacteria, the ability of bacteria to pass on genetically coded
resistance horizontally through transmission and conjugation, and the exponential number of
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bacterial generations that have occurred since penicillin’s commercial introduction in 1944, the
findings of ABR in bacteria isolated from sharks and fish was not unexpected. When Total
Resistance was calculated by excluding penicillin (P in the results section of this thesis), rates
change dramatically.
The Total Resistance in the Massachusetts population decreased by 75% when P was
excluded from the analyses. The Total Resistance of 12.5% probably more truly represents the
resistance of the Massachusetts samples, as seven of the eight bacterial isolates were Gramnegative and probably represented intrinsic resistance. The Louisiana offshore sharks decreased
by 30.3% and still remained the lowest Total Resistance of all shark populations. Belize and the
Florida Keys showed the two highest Total Resistance rates for sharks sampled, 50% and 58.6%
respectively once P was removed. Redfish showed a decrease of 25% and had a Total
Resistance of 66.7% without penicillin. Redfish were still the highest Total Resistance of all fish
sampled.
The removal of penicillin from the rates is valuable for discussing overall rate differences
due to potential intrinsic resistance in each population and for comparing spatial distributions of
resistance rates of ABR. However, the biological importance of penicillin resistance cannot be
removed. Though penicillin resistance may be expected in Gram-negative organisms due to
cellular structure, and Gram-positive organisms through natural selection, it is still important to
quantify the total resistance in wildlife environments. Penicillin is still widely used worldwide,
despite the high incidence of resistance. The presence of penicillin resistance in the marine
environment suggests that an environmental reservoir for resistance exists. Penicillin resistance
was high in all geographic locations suggesting that its resistance is cosmopolitan in the marine
environment.
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Twelve other drugs with more broad-spectrum antibacterial properties were also tested in
this study. Resistance was identified for all of the drugs tested in at least some of the isolates.
However, resistance to all drugs did not occur in all geographic locations, suggesting that there
are spatial differences in the ABR patterns of marine predatory fishes. There was also resistance
to some drugs in all three types of isolates characterized, including Gram-negative rods, Grampositive cocci, and Gram-positive rods. The Louisiana offshore spinner sharks were the only
population that did not show a single case of resistance in Gram-positive organisms.
5.3

Multi-drug Resistance
Multi-drug resistance was identified in all locations and species sampled for this study.

Multi-drug resistance may be monitored in sentinel wildlife species to characterize the reservoir
or point source of ABR present in the environment to determine potential risks to public heath.
Recreational fishermen target redfish as a popular sport fish in the United States. Both the
commercial and sport fisheries of the United States target sharks. Both taxonomic groups then
may serve as feedback mechanisms for the transmission of ABR bacteria with multi-drug
resistance. Multi-drug resistance could lead to bacterial infections in humans or animals with no
viable antibiotic treatment in the future.
5.4

Patterns of Resistance in Ciprofloxacin, Enrofloxacin, Chloramphenicol,
Doxycyline, and Ticarcillin
This study documents the first known resistance to five antibiotic drugs in sharks and

marine fishes. Ciprofloxacin is a powerful antibiotic used in the treatment of several bacterial
diseases, including anthrax. Overall rates of resistance were low for ciprofloxacin, but it was
found in multiple study sites. Antibiotic resistance to ciprofloxacin was documented in all three
isolate groups in this study. Intermediate resistance was also documented, suggesting that future
resistance prevalence may increase in the marine environment.
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Enrofloxacin resistance was also documented with a lower prevalence rate than
ciprofloxacin. Enrofloxacin, like ciprofloxacin, is a powerful fluoroquinolone drug. It is used in
veterinary medicine and in the poultry industry. Both resistance rates and intermediate resistance
rates were measurable in marine environment, and surveillance should continue for
fluoroquinolone drugs in marine predators.
Chloramphenicol, Doxycycline, and Ticarcillin are three other important drugs that are
currently used in both human and animal medicine. Spatial differences were documented in the
prevalence rates, but resistance and intermediate resistance were noted in multiple study sites in
this study. Future surveillance of sentinel fishes should also incorporate the monitoring of these
three drugs.
This study establishes a spatially and temporally explicit baseline of prevalence to
resistance and intermediate resistance in these five drugs, and the Gram-stain isolate types that
should be monitored in marine predatory fishes in the future.
5.5

Comparing Patterns of ABR in Marine Predators
The relatively few papers published on ABR in the marine environment (Johnson et al.

1998, Miranda and Zemelman 2001) did not evaluate spatial patterns of ABR. Antibiotic
resistance data from pinnipeds was collected at a marine mammal stranding center in California
and the spatial distribution of the animals tested for ABR was not published (Johnson et al.
1998). Miranda and Zemelman (2001) collected a small sample size of fish (n=22) from a
commercial fishing dock. There was no information on the spatial distribution of those samples,
beyond that they were from Concepción Bay, Chile. Wong (2002) documented the presence of
ciprofloxacin resistance in captive bottlenose dolphins, Tursiops truncatus, which were housed
in an open ocean water enclosure, but were confined to a single area. Despite the lack of data on
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spatial patterns of ABR, general comparisons can be made, however, between the data from this
study and other studies of ABR in other marine species. The comparison is useful to determine
if sharks rank higher or lower than other species in overall ABR.
One difficulty in making these comparisons is the lack of standardization between the
three published studies and this current study. The same drugs were not tested in all cases and
the taxonomic classification of bacteria varied between studies. Johnson et al. (1998) and Wong
(2002) presented resistance patterns to bacteria identified to the generic level. Miranda and
Zemelman (2001) presented ABR resistance patterns for bacterial viable counts, which do not
subdivide samples by any taxonomic characterization. In the current study, ABR patterns were
presented for organisms classified only by Gram-stain characteristics to increase the sample size
for each study site and enable spatial comparisons. Though direct comparisons cannot be made,
all of the studies documented resistance to the same antibiotic drugs tested in this study.
Pinnipeds (Johnson et al. 1998), dolphins (Wong 2003), and the sharks and redfish from this
current study all showed at least some resistance to chloramphenicol, with the exception of M.
mento in Chile, which showed no chloramphenicol resistance. Pinnipeds, dolphins, and the
sharks from this current study showed resistance to ciprofloxacin. Additionally, pinnipeds and
sharks from this study showed resistance to gentamicin, amikacin, enrofloxacin, and
sulfamethoxazole. The studies on dolphins and pinnipeds both documented the presence of ABR
pathogenic bacteria that may impact humans (Johnson et al 1998, Wong 2003). These published
studies and this current study support the hypothesis that marine predators can serve as reservoirs
for ABR bacteria and should be considered for further investigations as sentinels for ABR in
marine environments. There were drugs tested in both the pinniped study and this current study
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that were not tested in both studies. Future work should be done to address possible similarities
and differences to other drugs in both groups of animals.
5.6

Comparing ABR in Marine Predators to Terrestrial Predators
A second valuable comparison that can be made is between the patterns of ABR in the

marine fishes of this study and the ABR patterns of terrestrial predators. Again, it is difficult to
make direct comparisons because of the lack of standardization between studies, the added
unknown mechanisms of resistance transport in the marine environment, and the potential
differences in bacterial species from terrestrial and marine ecosystems. Additionally, it is most
appropriate to make comparisons between terrestrial environments and marine environments that
are not separated by great distances. Since few studies address the issue of spatial variation, this
study will only compare the ABR data from a terrestrial ecosystem in Louisiana to data from
sharks in Louisiana waters. It can be assumed that there may be a direct watershed interaction
between the two environments. Ash et al. (2002) confirmed that ABR bacteria are present in the
Mississippi River as far south as New Orleans, Louisiana. This may be one source of resistance
for the marine bacteria isolated in the current study. Mitchell et al. (2001) documented ABR in
birds of prey from Louisiana and found ABR patterns present in several genera of bacteria,
including E. coli and Pseudomonas, which are both pathogenic in humans. One comparison is
consistent in both studies; ABR is present and measurable in predatory wildlife. Prevalence rates
are not directly comparable, but the trend is apparent. Antibiotic reistnant bacteria, including
commensal and pathogenic species, are present in the marine and terrestrial environments and
are harbored in upper-trophic level species of marine mammals (Johnson et al. 1998), predatory
birds (Mitchell et al. 2001), and predatory sharks and fish (current study).
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5.7

Spatial Analysis and the Need For Geographic Information Systems
It is difficult to compare the results of this study to other studies for two reasons

mentioned already. First, there is a lack of spatial data collection in the studies published to date.
Literature on patterns of ABR in humans has documented that resistance varies geographically,
both within political boundaries and between countries and continents (Aubry-Damon and
Courvalin 1999). There is a need for such spatial data sets in wildlife populations to understand
potential differences in ABR in the terrestrial and marine ecosystem and to quantify the
environmental reservoir of ABR. A direct link has been made by Lunestad (1991) that antibiotic
residues enter the marine environment through aquacultural use of antibiotic drugs. Aquaculture
practices and drug use vary spatially. Additionally, environmental parameters such as water
conditions, currents, and sediment concentrations of ABR can also vary spatially in relation to
aquaculture facilities. Geographic Information Systems (GIS) can be useful in combining multiscale data sets designed to answer such scientific inquiries. For example, GIS can be used to
map out aquaculture facilities with quantified antibiotic uses and spatially model the potential
distribution of such drugs and subsequent increases in ABR in the surrounding environment.
GIS could also be useful in quantifying the impact of agricultural runoff and ABR.
GIS was useful in this study for developing temporally and spatially explicit maps of
baseline ABR prevalence in sharks and redfish. For the purposes of this study, GIS could only
be used as a visualization tool. However, expanded studies that target specific mechanisms and
point sources of ABR bacteria could benefit from the use of GIS as a spatial analytical and
statistical tool. Remote sensing and GIS can be combined to build more powerful models of
ABR point source introduction and to monitor sentinel species movements and interactions with
humans. GIS is a powerful tool for managing data and evaluating spatial variation. Future ABR
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studies of wildlife sentinels could benefit from spatial data collection and data analyses within
the GIS environment.
5.8

The Biophysical Geography and Anthropogenic Impacts in Belize, Potentials for
ABR
The nurse sharks sampled from the Hol Chan Marine Reserve in Belize were entirely

unique among all other populations sampled in this study. The animals were all captured in
Shark Ray Alley in the southern end of the reserve. Historically, Shark Ray Alley was a culling
station for local fishermen from Ambergris Caye (HCMR 2003). In response to the large
number of fish scraps being dumped into the water, nurse sharks began to congregate around the
fishermen’s boats. Through time, the population became conditioned and would congregate
when culling activity began. The combination of tropical tourism and reef SCUBA diving is one
of the leading industries in Belize (Mallan and Lange 2001). Tour guides operating chartered
dive services learned to take advantage of the culling station as a stop along the dive tour route.
Eventually, tour guides began diving with the sharks and advertising shark dive trips to incoming
tourists. SCUBA tours expanded into snorkeling tours, which increased the amount of
swimmers in the water each day. In response to the popularity and increased tourism revenue of
the charters, Shark Ray Alley was incorporated into the Hol Chan Reserve in 1999 (HCMR
2003). Official reserve sanctions ended the practice of fish culling in the area with the addition
to the park, but the sharks continued to congregate when tour boats arrived. Today, tour guides
use fresh baitfish from the docks near the island prior to taking tourists into the reserve. The
daily interaction between the tours and the sharks reinforces the conditioned behavior of the
animals and promotes direct interaction with tourists from all over the world.
Currently, tours are sanctioned by the HCMR and the numbers of boats allowed into
Shark Ray Alley are regulated. Tours to the sharks are often included in a tour package that
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includes a 30-minute swim with the sharks and 60 minutes of snorkeling at a reef site further
north in the reserve. Behavioral observations of the sharks in the multiple zones of the HCMR
suggest that sharks only interact with people while in Shark Ray Alley during sanctioned tourist
hours, approximately 9 am to 4 pm Belize time (Blackburn, unpublished data). Additionally,
data from a limited tagging study initiated in May 2002, and re-sightings of sharks with distinct
markings from November 2001 and May 2002, support the hypothesis that the sharks in Shark
Ray Alley are resident animals (Blackburn, unpublished data).
The sharks of HCMR are in constant interaction with humans, including tactile contact
between swimmers, tour guides, and sharks. Direct contact with humans may increase the
exposure of sharks to both foreign bacteria and antibiotic resistance. Direct interaction could
possibly lead to direct ingestion or exposure to antibiotic residues. Many antibiotic drugs are
excreted through urine as metabolites of a compound or chemically unchanged (Plumb 2002).
Humans excreting residues into the water could serve as a plausible mechanism for introducing
ABR to several drugs. Lunestad (1991) established that the presence of antibiotic residues
released in aquaculture facilities could be found in free-ranging fish upwards of 400 m away
from the source. In the case of sharks in Belize, the interaction is not measured in meters, but in
centimeters or direct contact.
The influence of humans on the shark population is not limited to direct contact in Belize.
Approximately 240,000 people live in the coastal areas of Belize and apply great pressure to the
coastal environment in the form of domestic, industrial, and agricultural runoff (Mendoza 1998).
Most wastewater enters the Belizean Caribbean in the form of polluted freshwater runoff
(Mendoza 1998). The human population of Ambergris Caye is comprised of 3,000 local
residents and a high volume of international tourist traffic relying on a limited sewage system on

88

the southern end of the island (Mallan and Lange 2001). The longshore current carries coastal
water from north to south between the barrier reef and the island of Ambergris Caye (Lee et al.
1996), which may serve as a transport mechanism for wastewater runoff and secondary ABR
input. If ABR bacteria are present in the sewage from the island, there is a potential for that
material to be carried to Shark Ray Alley. Lee et al. (1996) summarized the major watersheds in
Belize and their results support the hypothesis that freshwater waste products are carried from
north to south. To the best of this author’s knowledge, no studies have been published on the
direct measurement or monitoring of ABR in the marine environment in Belize. However, the
results from this current study support the hypothesis that ABR is present in the environment in
predatory fishes and that sharks may serve as reservoir for ABR. Additionally, direct contact can
be quantified through further behavioral studies with the nurse sharks of Shark Ray Alley to
determine the potential for horizontal transmission of ABR bacteria from humans to sharks and
visa versa. Future studies in Belize should pursue the prevalence of ABR in the freshwater
watersheds, sewage systems, and the coastal waters near the reef.
5.9

Biophysical Geography and Anthropogenic Impacts in the Florida Keys, Potentials
for ABR
The nurse sharks in the Dry Tortugas National Park displayed significant behavioral

differences in contrast to the sharks in Belize. First, the nurse sharks in the park barely interact
with swimmers. Behavioral observations of the sharks before park hours begin suggest that
sharks vacate the public swimming areas prior to the arrival of tourist (H.L. Pratt, Pers. Comm.).
The most common interaction documented between nurse sharks and people in the park is
incidental hook and line capture. Tagging studies have been underway for over a decade to
determine the diel movements and migration patterns of nurse sharks in the park (H.L. Pratt,
Pers. Comm.). Acoustic telemetry and identification tagging has revealed that nurse sharks in
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the Dry Tortugas have a relatively limited home range, though they do leave the study area for
extended periods of time (Carrier and Pratt, unpublished data). Additionally, unpublished data
are available to suggest that the tagged nurse sharks do spend a great deal of time in the
immediate vicinity of Fort Jefferson, the only standing structure in the park. The patch reefs
approximately 2 km east of Fort Jefferson are a known mating and breeding ground for adult
nurse sharks in the late summer and early fall (Pratt and Carrier 2001). Juvenile nurse sharks are
often recaptured in the same patch reef matrix throughout the year (H.L. Pratt, Pers. Comm.).
Garden Key, the island Fort Jefferson is situated on, encloses the patch reef matrix that serves as
a mating ground for the nurse sharks. The body of water between the island and the patch reef is
now a shallow boat basin open to the public for safe harbor. Sailboats and dive boats use the
small harbor to anchor up in the lee of Garden Key for overnight stays.
Fort Jefferson is open to the public 365 days a year and, up until the summer of 2002,
was open to overnight campers. In May 2002, the campground was closed to overnight campers
due to septic system problems on Garden Key. The U.S. National Park Service (NPS) issued a
press release in March 2003 stating that campground attendance and public facilities usage on
the key had exceeded the capacity of the island’s septic system. The NPS (2003) acknowledged
that sewage was the number one threat to the health of the reef ecosystem. Though no
quantitative studies have been performed to determine the output of ABR bacteria from the
island, the sewage system may serve as a reservoir for ABR and may act as a primary input for
the ABR detected in the sharks from the park.
The Dry Tortugas was the most geographically isolated population sampled. The nearest
anthropogenic impacts related to high population density and urban land use, with the exception
of the aforementioned campground and boat harbor, would be Key West, 110 km to the east.
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Despite the spatial distance between the Dry Tortugas and the eastern keys, or the Florida
mainland, ABR was relatively high for sharks, with and without P included in the analyses. In
contrast, the nurse sharks in Shark Ray Alley are 8 km south of the main population of
Ambergris Caye. Additionally, the sharks of the Dry Tortugas were the only population to have
resistance to all 13 drugs tested in this study. Both populations of nurse sharks had relatively
high rates of ABR. When P was excluded from the analyses, Belize was second to Florida.
More extensive studies are needed to quantify the ambient levels of ABR in the respective bodies
of water and surrounding terrestrial environments to determine the direct point source of ABR
introduction. Research evaluating ABR in the island’s sewage system and the small harbor are
needed to characterize the potential link between human activity and the findings of this study.
5.10

Comparing Sharks in Belize and Florida, Intra-specific Comparisons of ABR
Predators in Belize and Florida both showed high ABR Total Prevalence rates in this

study. Direct comparisons can be made between the populations since nurse sharks were used as
sentinel species in both locations. Additionally, the ages of the sampled sharks were relatively
equal between the populations. It was not possible to quantify the differences in the biophysical
environments of both populations, but it was possible to qualify them. Sharks in Florida had a
higher prevalence of ABR than did Belize with and without P included in the rate calculations.
Florida sharks were in close proximity to a failing septic facility that operated through leaching,
where liquid waste is allowed to drain from a main storage tank and percolate through the soil to
be purified by anaerobic bacteria. The Belize sharks spent a high proportion of their time within
8 km of the sewage system of Ambergris Caye, which Mendoza (1996) suggested couldn’t keep
up with the demands of a booming tourist city. Belize sharks may also be directly exposed to
antibiotic residue from the urine of human swimmers. A survey of antibiotic usage by tourists to
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Ambergris Caye and the Dry Tortugas may be helpful in determining the true exposure potential
from shark contact with swimmers. Likewise, a study design that samples swimmers and sharks
may be helpful in determining the potential for inter-specific horizontal transmission of ABR
bacteria. No statistical difference was found between the Total Prevalence Rates of the two
nurse shark populations, but analyses of power and sample size of the test suggest that power and
sample size may be too low to detect any potential differences that may exist. Future data
collection on ABR in sharks should focus on a greater number of animals from each population.
Although, collecting sharks will likely remain a difficult procedure because of the vastness of the
marine environment. Additionally, no analyses were undertaken to quantify the loss of bacterial
diversity from transporting samples on wet ice. Because of this, these findings may be
underestimates of the true prevalence of ABR and bias towards only those bacterial species that
survived the transport to the laboratory. Future work should incorporate the use of liquid
nitrogen to flash freeze and preserve samples, as it may increase the amount of species retained
for ABR testing.
The two nurse shark populations, from Belize and Florida, present the most potential for
conducting long-term longitudinal studies on ABR in marine top-level predators. Animals
marked as part of the two ongoing tagging studies can be used as a to conduct detailed studies on
horizontal transmission of ABR, intra/inter-population and intra-specific spatial variations in
ABR patterns, and the potential for bacterial shedding in sharks.
5.11

The Biophysical Geography of Louisiana, ABR Patterns in Sharks and Redfish
A total of five sampling locations were recorded in Louisiana. For the purposes of

analysis, the three offshore locations where sharks were collected were pooled to increase sample
size. All offshore shark samples were assigned to the Louisiana offshore-spinner shark location
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for geographic analyses. Sample sizes were too small between Louisiana coastal and Louisiana
offshore populations of sharks to detect significant differences in Total Prevalence rates, if one
existed. Overall, Louisiana coastal sharks showed a higher Total Prevalence than did the
offshore spinner sharks, 62% and 52% (P included) respectively. The hypothesis was that
inshore sharks would show higher resistance than offshore sharks, assuming that resistance is a
product of exposure, and that exposure decreases with distance from shore. Unfortunately, this
could not be tested because of the high degree of variance in the two sample populations.
Although the inshore population had a higher prevalence (62%, 95% CI: 48.5-75.6), relative to
the offshore population (52%, 95% CI: 31.6-72.4), the overlap between each population’s
confidence intervals suggests that the mean prevalence for the populations may not differ.
Geographically, the distance from shore is zero km for the coastal samples and 11 km for the
offshore samples. Although the spatial differences may account for the difference in prevalence,
the natural history of the sentinels must be considered as well. The spinner sharks were all
animals of age zero. The bull sharks ages were estimated between two and six years of age
based on ongoing bull shark ageing studies in the Gulf of Mexico (Neer et al. 2003). Age alone
may account for the difference in prevalence, as exposure and colonization of ABR bacteria
would be expected to increase over time. The diel movements of both species are unknown.
Surveys of sharks in Louisiana coastal waters (Neer et al. 2003) have reported the presence of
both species in the inshore environment. Spinner sharks have been documented within 5 km of
Devil’s Bay, though no spinner sharks have been collected in Devil’s Bay (Neer et al. 2003).
Observations of juvenile spinner sharks near oilrigs have been documented, but no observations
of juvenile bull sharks have been recorded near oilrigs (Blackburn, unpublished data). Spinner
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sharks are coastal shark species (Last and Stevens 1994) and should not be considered true
pelagic sharks.
Redfish showed the highest ABR prevalence of all populations sampled (91.7%). There
have been no published studies on ABR prevalence differences in teleosts and sharks. Redfish
samples were collected within 15 km of spinner shark samples, yet the redfish showed
significantly higher Total Prevalence rates over spinner sharks. This difference may be interspecific, or more likely is a product of animal age. The redfish age estimates ranged from three
to >4 years of age. Once redfish reach the age of four, age and length no longer tend to be
proportional, and age estimates from length become difficult (Murphy and Taylor 1990).
Redfish age estimates for equal length redfish greater than 100 cm TL can range from four to 30
years of age. It is most likely that the Total Prevalence Rate differences between sharks and
redfish is a product of age, and therefore exposure. However, further study is required to
confirm this finding.
The Mississippi River Delta dominates the biophysical geography of Louisiana’s coastal
and marine environments. The Mississippi River is the largest river in the United States and
drains the majority of the eastern United States (National Geographic Atlas, 1999). The
Environmental Protection Agency (EPA 2002) reported that agricultural runoff from the
Mississippi River is one of the primary sources of pollution to water quality in the northern Gulf
of Mexico. Ash et al. (2002) reported on the presence of ABR resistant bacteria in the river as
far south as New Orleans. The Mississippi River may be a point source for ABR, or at least
promote the input of ABR genetic material into the marine environment of Louisiana and the
Gulf of Mexico. All sampling sites used in the analyses for this study were within the influence
of the Mississippi River. Figure 5-1 shows the sites of the shark sample collection for Louisiana
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Coastal, Louisiana Offshore-spinner sharks, Louisiana offshore-Redfish, and the Lump from four
satellite images.
The sites where sharks were collected in Louisiana are under the influence of Mississippi
River discharge throughout much of the year. The satellite images are 1,3,4 band combination
true color Moderate Resolution Imaging Spectroradiometer (MODIS) images with 500 meter
pixel resolution (LSU ESL 2003). The images show the influence of the Mississippi River as
brown water, which represents the freshwater being dumped by the river into the Gulf of
Mexico. The use of remotely sensed imagery can be useful in determining true pelagic study
sites for future work in Louisiana, and determining the location of coastal sites in the western
half of the state that do not fall under Mississippi River influence. If freshwater runoff and
agricultural pollution do promote the prevalence of ABR in the marine environment, Total
Prevalence rates from sharks and redfish in Louisiana may serve as indicators for ABR today and
in the future. The single adult blacktip shark in this study was collected at the lump in January of
2003. The Lump is located 35 km southwest of the Mississippi River’s southwest pass, and is a
well-known fishing site in Louisiana. The Lump is only under the influence of the river during
the summer months and may be useful for collecting pelagic sharks in the future. Data on shark
collections from the Lump suggests that truly pelagic sharks, such as mako sharks, Isurus
oxyrinchus, can be collected there throughout the winter months (Blackburn, unpublished data).
Mako sharks have a truly pelagic life history and may be useful sentinels for the study of highly
migratory fishes. Mako sharks can also be found in the offshore waters of Massachusetts in the
spring and summer (Casey and Kohler 1992) and may represent species that have little to no
contact with coastal waters.
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5.12

Massachusetts Biophysical Geography and ABR in the Dogfish
When P was included in the analyses, Massachusetts showed the highest Total

Prevalence of ABR for all sharks sampled. However, in the absence of P, the prevalence was the
lowest of all sample sites. Since seven of the eight total isolates from Massachusetts were Gramnegative, it is assumed that P resistance is intrinsic. It is important to document the presence of P
resistance in the north Atlantic, but overall resistance without P was low for the samples
collected. The sharks were collected in Vineyard Haven Harbor, which is heavy with
recreational boat traffic and the industrial production of recreation boats. It is unknown whether
there is heavy impact from sewage discharge in the harbor, as can be hypothesized from Belize,
Florida, and Louisiana. The variation in Total Prevalence rates between Massachusetts and the
other sites may be due to the migratory patterns of the smooth dogfish or the relatively short
lifespan of the species as compared to the other sharks and redfish (Conrath et al. 2002).
5.13

Spatial Similarities and Differences
There is a lack of information available on the direct mechanisms of ABR development

in the marine environment and no research is available to directly correlate ABR in sentinel
species with environmental conditions to determine if trends in marine wildlife are analogous to
the human and terrestrial situations. The differences in ABR patterns in sharks may be related to
the indiscriminate usage of antibiotics in agriculture and human medicine and the subsequent
selection pressure from runoff of ABR bacteria rich freshwater into the marine environment. It
is this lack of data that has lead to the development of this thesis.
The results of this current study suggest that there is spatial variation in ABR patterns of
free-ranging predatory fish between study sites. Caution must be exercised in evaluating these
data, as limited sample size and high variance between the populations may not be truly
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reflective of ABR patterns in the marine environment. However, there are several factors that
could influence these differences that might be analogous to rates of human resistance. When
evaluated independently, each of the study sites had discrete biophysical geographies and
independent anthropogenic inputs that might have influenced resistance patterns. The selection
pressures placed on bacteria in Belize may be directly linked to primary and secondary impacts
of tourism, such as direct regular contact with the sharks and secondary exposure through
sewage runoff. The selection pressures on the Florida Keys may also be tourist related, but lack
the primary influence of direct regular contact. The selection pressures on Louisiana and
Massachusetts fishes may be entirely secondary, with limited or no direct contact from humans.
Louisiana impacts may be related to proximity to the Mississippi River, a known source of
runoff that harbors ABR bacteria (Ash et al. 2002).
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Figure 5-1. Remotely sensed MODIS images of the Mississippi River Delta in southeast
Louisiana from 1) April 2002, 2) May 2002, 3) June 2002, and 4) November 2002. Note the
brown water near the delta, this is Mississippi River water entering the Gulf of Mexico and may
be a point source for ABR. Site A) Louisiana Coastal-sharks, B) Louisiana Offshore-sharks, C)
Louisiana Offshore-redfish, and D) The Lump
Images provided by the LSU Earth Scan Laboratory
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CHAPTER SIX
CONCLUSIONS
The findings of this study confirm the presence of antibiotic resistance in marine
predatory fishes from multiple taxa and multiple geographic locations. The prevalence of ABR
to particular drugs varied spatially and future work should be pursued to evaluate the
mechanisms of antibiotic resistance and the point source introduction of the resistance in each
location. Results from this study confirm that resistance to drugs important in human and
veterinary medicine are present in the marine environment. The marine environment should be
considered a reservoir for resistance to such drugs and future surveillance of predatory fishes
should continue. The marine predatory fishes used in this study serve as valuable sentinels
because they are long-lived, slow growing, and therefore have potentially long exposure to ABR
in the ocean. Additionally, these data support the hypothesis of Miranda and Zemelman (2001)
that resistance is present in marine species from multiple food webs and habitats.
Nurse sharks are primarily demersal in their feeding habits (Compagno 1984) and
showed the highest overall prevalence of ABR of all sharks. Research should be conducted to
determine the pathways of resistance within the coral reef environments that nurse sharks in
Belize and the Florida Keys represent. The Florida Keys sharks were the most geographically
isolated population of sharks and were the only sharks to show resistance to all the individual
drugs evaluated in this study. The nurse sharks present the greatest potential for longitudinal
studies on antibiotic resistance. Both populations are the subject of long-term tagging programs
and therefore represent animals that can be recaptured and re-sampled on a continuous basis.
Louisiana sharks are valuable for investigating potential reservoirs of resistance that may
come from large freshwater outflow sources such as the Mississippi River. Future work should
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include sampling sites both from areas within and outside of the influence of the Mississippi
River. Future work might also focus on possible climatological effects on ABR, such as microscale sea surface temperature (SST) shifts, El Niño driven macro-scale SST anomalies, and
precipitation-influenced runoff. Geographic Information Systems and remote sensing allow for
the integration of environmental parameters and marine biological data sets (Schick 2002) and
may allow researchers to quantify seasonal differences in ABR in fish sentinels. Additionally,
the data from Louisiana suggests that age zero sharks may have less resistance than older
animals and supports the hypothesis that increased time in the water may correlate to increased
exposure. The Louisiana research also supported the hypothesis that multiple species need to be
investigated in wildlife surveillance programs. Redfish and sharks showed significantly different
rates of antibiotic resistance. The redfish were probably the oldest fish sampled, which may
explain the significantly higher prevalence. The presence of resistance in both populations also
suggests that potential reservoirs of resistance exist in commercially important shark species and
recreationally important sport fishes of the Gulf of Mexico.
Massachusetts showed low rates of ABR. This may be due to the relatively short lifespan
of smooth dogfish, limited sample size, or the unexplored differences in anthropogenic inputs to
the sampling site. More work should focus on the North Atlantic to determine if the rates
presented in this study truly represent antibiotic resistance in marine species of New England
waters. Likewise, larger samples in New England and the southern sites could determine
potential differences between temperate and tropical marine systems that were undetectable in
this study.
Spatial differences exist in the data on antibiotic resistance collected from sharks and
redfish. Future studies are needed to quantify these differences and develop correlates between
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point source introductions, prevalence in wildlife sentinels, and feedback mechanisms from
animal ABR reservoirs to humans through contact or interaction.
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